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A Fortran computer program to calculate radar maximum range, written for the NRL CDC-3800
computer but adaptable to any computer with a Fortran compiler, is described. The computation follows
previously established principles, with the pattern-propagation factors set equal to one, so that the range
calculated is for free space in the sense that earth's surface effects are not taken into account. However,
the effects of a standard atmosphere are included in the calculation. Reflection-interference effects can be
separately described by utilizing the calculated free-space range as an input to computer plotting programs.

The program calculates the range for any specified probability of detection, false-alarm probability,
and Swerling fluctuation case by utilizing a slightly modified subroutine written by Feadncr and coworkers
of the Johns Hopkins University Applied Physics Laboratory. Postdetection (noncoherent) integration is
assumed. The system noise temperature is computed including effects of galactic, cosmic blackbody, solar,
and tropospheric noise, and the tropospheric molecular absorption for oxygen and water vapor is calculated
for a standard atmosphere. The effect of refraction on the ray path is included in the absorption calculation
by ray tracing, assuming a negative-exponential refractivity-height profile. The range of validity of the noise
temperature and absorption calculations is approximately 100 Mllz to 100 Gz. The computation requires
a few seconds with the CDC-3800 computer.
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ABSTRACT

A Fortran comlputer program to calculate radar maximum range,
written for the NRL CDC-3800 computer but adaptable to any computer
with a Fortran compiler, is described. The computation follows previously
established principles, with the pattern-propagation factors set equal to one,
so that the range calculated is for free space in the sense that earth's sur-

face effects are not taken into account. However, the effects of a standard
atmosphere are included in the calculation. Reflection-interference effects
can be separately described by utilizing the calculated free-space range as

an input to computer plotting programs.

The program calculates the range for any specified probability of detec-

tion, false-alarm probability, and Swerling fluctuation case by utilizing a

slightly modified subroutine written by Fehlner and coworkers of the
Johns Hopkins University Applied Physics Laboratory. Postdetection
(noncoherent) integration is assumed. The system noise temperature is
computed including effects of galactic, cosmic blackbody, solar, and tropo-
spheric noise, and the tropospheric molecular absorption for oxygen and
water vapor is calculated for a standard atmosphere. The effect of refrac-
tion on -he ray path is included in the absorption calculation by ray trac-

ing, assuming a negative-exponential refractivity-height profile. The range
of validity of the noise temperature and absorption calculations is approx-
imately 100 MIl z to 100 GHz. The computation requires a few seconds
with the CDC-3800 computer.
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A final report on one phase of the problem; work is continuing on
other phases.
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A FOR''RAN COM PUTER PROGRANITO CALCU LATETHE RIF ANGE F
OF A PULSE RADAR

INTRODUCTION

The program to be dscribed performs a calculation of the free-space range of a
monostatic pulse radar, following the principles presented in NRIL Reports 6930 and
7010 (1). The range calculated is "free space" in the sense that the effects of the earth's
surface, such as rellection-interference and below-the-horizon shadow, are not taken into
account. -however, the absorption and noise of a standard atmosphere, galactic noise,
and solar noise are taken into account. For detailed efinitions of some of the quantities
involved in range calculation and for a discussion of the theory, the reader is referred to
those reports. In NRL Report 6930, a Range-Calculation Work Sheet was presented to
systematize the alculation and thus to simplify handling the rather large number of
quantities and computational steps involved. The use of a computer program represents
a still further step toward simplification of the calculation, and also minimizes the possibility
of error. The computation requires punching one card with the input data (radar parameters
and related quantities). To guard against error in punchirg this card, the program prints
out all of the input data as well as the calculated results. The program has been given the
Fortran name RGCALC.

Specifically, this program is a Fortran formulation of Eq. (12) of NRL Report 6930
(Eq. (3) of this report), with the pattern-propagation factors omitted. The signal at the
target is therefore assumed to be due solely to direct-path propagation, and if the specified
transmitting and receiving antenna gains are tlh'se of the beam maxima, the target is assumed
to be in the beam maxima. As discussed in NRL Report 6930, the equation is based on
the assumption that the detection range is limited by the normal system noise - i.e., that
there is no interference from manmade signals or noise, and no clutter signals caused by
echoes from extraneous targets, such as rough sea or terrain, rain, or any profusion of
other targets in the vicinity of the target whose detection is being considered. The range
thus calculated may e called the "basic" detection-range capahility of the ralar.

The Range-Calculation Work Sheet of NRL Report 6930 requires some auxiliary
calculations and the use of some sets of curves to determine the isibility factor (minilt m-
detectable signal-to-noise ratio); the antenna, transmission-line, receiver, anld system noise
temperatures; and the atmospheric absorption loss. Calculations eu1ivalient to using these
curves and auxiliary alculations are performed within Program RGCAIC. ''lie only
auxiliary clcUlation rUired is that of number of pulses o target, for a scanning radar.
It was not considered feasible to do this calCUlation in the computer program ecause the
number of plses is sometimes determined by a signal processor rather than hy the scanning.
IHowever, the calculation is not difficult, in the scanning radar case, as xvill e discussed
later in this report. Postdetection (noncolierent) integration of the pulses is assumed) 

*Sce Rf. I (N I tI. R port 6930), . S.
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The( coml)uter program an also e a(laptedi to calculating the range of a CW radar
and of a bistatic radar by suitable redefinition of some of the input parameters. For 'V
radar, the pulse length i- can be interpreted as the effective sampling time or the detection
processor in microseco ds; or if such a processor is not used, the parameter T can be in-

terpreted as the recipiocal of the receiver predetection balldwidth in megahertz, or as the
length of time a sanning beam remains on the target, whichever time is the sorter. The
bandwidth correction factor can be used as a correction for non-optimum processing or
filtering of the signal. The "number of pulses integrated" should be set equal to 1. The
transmitter power PI is defined for this calculation as the average transn ttcd power in
kilowatts.

If the radar is bistatic, the only reinterpretation required is in the meaning of the
calculated range number. Instead of representing the monostatic range, it represents the
square root of the product of the transmitter-to-target range R and the target-to-receiver
range R, In other words, the calculated number is the geometric mean of RI and R.
The transmit and receive antenna gains are already specified separately in the program
because they are actually different even for some monostatic radars. The target cross
section e must of course be the bistatic value.

The frequency range over which the program may be used is from about 100 Mllz
to 100 GHz, but it could be extended downward to about 30 MHz and upward to perhaps
150 GHz without incurring gross errors. (Below 30 MHz the occurrence of ionospheric
effects and above 150 GHz the multiplicity of water-vapor absorption resonances invalidate
the equations used in the program.)

The program is written with the option of calculating range for either specified
detection and false-alarm probabilities, or for a specified signal-to-noise power ratio (expressed
in decibels). The latter option is useful in calculating the maximum range of a tracking
radar (as distinct from a search or acquisition radar) when the minimum signal-to-noise
ratio for successful tracking is known.

Except for the fact that the external noise from celestial and terrestrial sources and
the absorption that occurs in the earth's atmosphere are taken into account, the free space
range of the radar is calculated. Actually it would be more accurate to call this range a
quasi-free-space range because of the inclusion of celestial and terrestrial noise and absorp-
tion effects. Because the absorption by the troposphere is dependent on the elevation
angle of the ray path, the target elevation angle is one of the input quantities for the
range calculation. The radar is assumed to be located at or near the earth's surface-
within say a thousand feet of sea level. Range calculations applicable to extraterrestrial
locations (e.g., satellite or space-ship radars) can he made by setting the elevation angle to
a high value, e.g., 90 degrees. At this elevation angle, the absorption is usually negligible
for frequencies appreciably below the 22-GHz water-vapor resonance line. Also, the
computed absorption, in decibels, is printed out, so that the computed range can be
revised to correct for it if a true free-space range is desired. The ray path for the absorption
calculation is computed by a ray-tracing algorithm, assuming an exponential decrease of
the refractivity with height (CRPL Exponential Atmosphere), with surface refractivity of
313 N units (2).

The principal non-free-space factor not taken into account is the effect of the reflec
tion and absorption by the earth's surface. These effects may modify the free-space range
greatly under some conditions, hut they cannot be readily taken into account by a single

L.

2



NItL IIEPOItT 741H

range calculation. Io ljict tile non-frec-spa)ate performance of a radar, what is needed is

a graphical representation of the (detet-tion-r;lnge contours in a vertical plane, or, for a

target at constant altitude, a p)lot of the variation of sigral strength with range, relative
to the signal reqluired for detection.

Programs to produce such plots have heen written, and have been descrihed in a

separate report (3). One of tle inputs required for these programs is the free-space range

of the radar. Hence, the present program supplements the plotting programs. They could
be combined into a single package. Ilowever, this has not been done because ordinarily

it is not objectionable to calculate the free-space performance ant to Plot te non-free-

space detection curves as two successive operations.

For radars whose antenna pattern is a narrow elevatable beam, no significant reflection-

interference effects occur when the beam is elevated by one beamwidth or more, and the
quasi-free-space range calculation then applies directly.

The program to be described has been used and extensively tested over a period of

time. Results agree with manual calculations using the range-calculation worksheet of
NRL Report 6930 (1). The program was used to compute the ranges of actual Navy

radars for a forthcoming NRL Radar Division report.* The execution time for a single

radar range calculation, for all five Swerling fluctuation cases, is approximately 2 sec on the

NRL CDC-3800 computer,t not including compilation timte which is about 100 sec.

(Compilation can of course be avoided by having an "obiect deck" or machinie-language
deck punched, and using it instead of the Fortran or "source deck.")

COMPARISON WITH OTHER PROGRAMS

Some years ago, a computer program was developed for tle calculation1 of maximum

radar rays by a contractorl for the Scientific and echnical Intelligence Center of the
Office of Naval Intelligence (ONi-STIC-5o). The work was completed about 1966. This

program was hased on NRL Report 5868, an earlier edition of NRI, Repc rt 6930 (1).

It utilized some curves pul)lIisled in that report by reading a finite number of data points
into the computer and interpolating between them; this was (lone for the "visibility
factor" (minimuin-detectale signal-to-noise ratio), the antenna noise temperature, and
the atmospheric absorption loss. Because of this the program was limited to caiculating
the, range for (1.5 prohiahilily of deection for a jionfluctuatitig targel , all(l the- frqlollql(

range 100 Mliz to 10 Gliz.

Another computer program has been lescril)ed by Boothe (4). This program

computes the probability of tletection as a function of the range, rather than compouting

*This will he the fifth (edition *,f NltZI It,-porl :;7, it),il d., June 21, 1It G Nvy ItLd r SvsO-nis
Survey,' RD. Tompkins.

tThv extcution time depends partly on thc i nilier of pulses integraitedI land (in wvht hr or nit other

immediately precedling calculations have becn made for the Sl niv number of puilseC and the s.umu f: I1se

alarm probahility-
tThe contrajctor wats Control Data Corp ra ion, a nil the prosgrninming was doi ne by lrs. Irna Wau chtel-
Consulting a.sista ncc on the railar-eqluation aspects if th wirk was furiisied ly ti -le Iollr of tilis
report Tlue project wIs initiated tund motitr-d hs l.CDlt Williamu Mlirronu of ONI -Slt. l prourin
is tleserilhvd in ;ant int-rnAl ONI doculuntent STIC-CW Of- 1 GG ttld ( Couniputer lirougran 11 It S-t501;1

Mixinuum R;tae Caleuldition," 'I-h. 2:3 19 97
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the range for a specified probaility. I lowever, the maximum range for secified prohaIhility

is found hy computing probability for decreasing raIge values until the desired probability

is reached. The program also makes use of atmospheric absorption curves from NIL

Report 5868, entered as data into thre CompLiter; consequently it is limited to the frequency

range 100 MlIlz to 10 Gliz, plus perhaps a few "spot" frecluuncies up to 100 Cl'.. The

report does not state the method used for evaluating antenna noise temperature, and a

program listing is not given. The effect of target aspect variation on cross section is taken

into account determnistically, rather than statistically using Swerling's theory. The signal-

to-noise ratio and the resulting probability of detection are calculated at ranges that

decrease in steps corresponding to observation of a target approaching the radar. The

target is assumed to lie changing aspect according lo some known prescription, duiing this

approach, and the corresponding cross-section variation is calculated. (A missile target is

assumed in Boothe's analysis.) As tht target approaches, when the probability reaches the

specified value, the range is printed out or otherwise recorded. Either single-scan or

cumulative probability can be specified.

D. M. White has described a comprehensive program (5) to analyze radar performance

in a dynamic situation, computing signal-to-noise ratio and detection probability as a func-

tion of time and target position, taking into account the effects of multipath interference,

clutter ecliees from the sea or rain, and target motion. In short, the program simulates

in as much letail as is practical the complete radar-target engagement, for a single target.

This programi utilizes a subroutine written by I. F. Fehlller* of the Johns Hopkins Applied

Physic:; Laboratory, and described by Fehlner in a previous report (6), to calculate the

probability or detection for a specified signal-to-noise ratio, false-alarm number, number

of pulses i-tegrated, and target fluctuation characteristic. Any one Of jive fluctuation

cases can be specifie(d: the noilfluctuating case and the four Swerling fluctuation cases (1).

White menltionis other pirograins that have been written by Kirkwood (7) and by Nolen (8).

Killinger (9) has develo iped : compnt. program that calculates the ratio of signal to

noise-jilus-clutter as a function of target '. ige. Probabilities of detection and false alarm

are also compI uted. Maximun detection rangle cal lie found for a specified signal to noise-

p)lts-tltter ratio.

The phnlilosophy of tlC program to be (escribed in this report is somewhat different

from those discussed above. It is not intended to simulate the radar performance in a

dlynamic situation. Instead, it is iitended to provide, for a specified target size, fluctuation

Model, anld detection probability, a single nuhl-ir that will serve as an in(dex of the radar's

ralge capability --- al "figure of merit."'' The geophlysical environment is taken into arcoiint

as realistically as possile except that effects of clutter, rain, and mulLipath interference

are omitted. The ractors that are believed to be more realistically or accurately calculated

than in other programs are the system noise tempt'rature (or more specifically, the tropo-

sphlieric, solar, and galactic contributions to the antenna temperature) and the tropospheric

ahsorption loss (due to collision-hroadened absorption resonances of the oxygen and water-

vapor molecules). The antenna noise temperature Zin( the atmospberic attenuation are

comI)uted directly rather than by interpolation using data entered from precalCulated

curves or tables; consequently, the [)ermissil)le range of frequency is much greater thian

for most programs using precaleulated temperature an( absorption (Iota.

*.ssisizj by, it.(;. itoi aill (.T. 'I'roll-r.
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The program to be described in this report computes the detection range for either
a steady (nonfluctuating) target or for any of the four Swerling fluctuation cases (or for
all five cases), for a specified probability of detection and a specified false-alarm probability.
Fehlner's subroutine (which he named MARCUM) has been incorporated into the NRL
program, with slight modifications, for this purpose. The principal modification has een
to provide for calculating on the basis of false-alarm probability, rather than Marcum's
false-alarm number. Another modification insures that when successive calls are made to
the subroutine with the same false-alarm and number-of-pulses parameters, the bias-level
calculation is not repeated. This saves an appreciable amount of computing time in the
iterative procedure used to determine signal-to-noise ratio for specified probability. (Sub-
routine MARCUM actually does the inverse problem of computing probability for a specified
signal-to-noise ratio.) Because of these and other changes, the subroutine as actually used
in the NRL program has been renamed MARSWR (acronym for Marcum-Swerling); but it
is basically Fehlner's MARCUM subroutine. The calculation is made assuming a square-
law detector, whereas most radar receivers employ a linear-rectifier detector,* but the
difference in performance of the two detector types is about 0.2 dB at most, depending
on number of pulses integrated

DATA INPUTS

The inputs to Program RGCALC for a single radar range calculation are punched on
a single data card. The format specifications for this card are as follows. Each of the
listed quantities is discussed briefly in the following paragraphs.

Data Item Format Specification Card Columns

Transmitter power, kW F6.0 1-6
Pulse length, sec F6.0 7-12
Transmit antenna gain, dB F4.0 13-16
Receive antenna gain, dB F4.0 17-20
Target cross section, rn2 F3.0 21-26
Frequency, Mhlz F6.0 27-32
Antenna ohmic loss, dB F4.0 33-36
ltev(v'lI line lOmi, (113 1Fl 1.( 37 .4()
Transmit line loss, B F4.0 41-44
Antenna pattern scan loss, dB F4.0 45-48
Miscellaneous loss, dB F4.0 49-52
Bandwidth factor, dB F4.0 53-56
Receiver noise factor, dB F4.0 57-60
Number of pulses 15 61-65
Probability of detection F4.0 66-69
False-alarm exponent F4.0 70-73
Swerling fluctuation case 11 74
Target elevation angle, deg F4.0 75-78
Galactic noise code 12 79-80

*Se Rcef. I (NRL Report 6930), p. 29.
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Tho data iteni I e lw precedillg list denoted probability of detection" (Cols. 66-69)

and h'id- -- la-m e:qpli-nto (Cols. 70-73) are actually so defined only if the "case" parameter

((' 74) i I. , 2, , , or 5. If the case parameter is 6 or 7, as will be discussed sub-

UOntly :.. detail, the range is calculated for a slrecified signal-to-noise ratio in

de Oels 1( as ' o; ratios (Case 7). If one signal-to-noise ratio is to be specified, it goes

in ca. ' :'unnis (ij-..9 in place of the probability of detection. The second signal-to-noise

ratio goes in Cols. 70-73, in place of the false-alarm exponent.

Data items shown as having an F format specification can be entered as a number

including a decimal point, with the number positioned anywhere within the card-column

field. If an F-specification number happens to be an integer, it can also be entered without

a decimal point, but in that case it must be right-adjusted within the card-column field.

The specification F6.0 means a number of 6 characters or less including decimal point and

sign, if any (positive sign is implied if no sign is given). The decimal point can be positioned

anywhere in the field. Data items having an I format specification must be integers (no

decimal point), and must be right-adjusted in the column field.

This single card contains all the numerical data required for a radar range calculation.

However, two data cards are required for each radar calculation; the other (first) card

contains any alphanumeric material that may be required to identify the radar. This

material is punched anywhere in the 80-column field of the data card, and it will be printed

out at the top of the page preceding the listing of input-output quantities.

Calculations for any desired number of radars can be made in one computer run by

stacking the data cards in the following manner:

Cards 1, 3, 5, 7, . . . Alphanumeric material identifying the radars

Cards 2, 4, 6, 8, . . . Data cards giving numerical parameters corresponding to the

preceding identifier cards.

If it is not desired to provide alphanumeric identifying material, blank cards should be

inserted at positions 1, 3, 5, 7, . . . of the data (leck. The last card of the deck is an

end-of-file card. When this is encountered. the job will be terminated.

In the discussion of definitions that follows, a basic principle should be kept in mind.

In ii .y radar system, the partitioning of the systell in to sections called "antenna," "trans-

mission line," .receiver," and "lranslitter'' is Somewbat arbitrary (see NItI, Replor. (; :l(,

p. 47, Fig. 10, and NRL Report 7010, p. 38, Fig. 5). The points in the system at which

this arbitrary partitioning is done determines the numerical values of losses, gains. power,

and noise temperatures to he assigned to the factors which will subsequently be identified

as La, Lr, L,, Pi, GI, Gr, T0, T. and T, (NF). The range calculation will come out the

same no matter how this partitioning is done if the assignment of values to all these

quantities is consistent with the partitioning selected. Values of losses in decibels are to

be entered on the data card as positive numbers.

Transmitter Power. See NRL Report (3930 (1), p. 11. Symbol P,. This is the pulse

power of the radar in kilowatts.
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Pulse L(1ngth See NRI, Report 6930, p. 11. The symiol T is used for the duration
between 3-d13 points of the transmitted PI" pulse, i microseconds. If the radhar is or the
pulse-compression type, the uncompressed pulse length applie:., asrluming that 11, is the
power of the uncomlpressed pulse. The basic rule is that the product P T must equal the
transmittel pulse energy. (More specifically, the pulse power in kilowatts times 1 ,
multiplied by the pulse length in microseconds times 10-6, must equal the transmitted
pulse energy in watt-second.)

Antenna Gain. See NRL Report 6930 p. 12. The power gains of the transmitting
antenna (G) and receiving antenna (C,) are in decibels. Power gain G is to e istinguished
from directive gain D; these quantities are related by C = D, where is the radiation
efficiency (k 1). The radiation efficiency is a measure of ohmic or heat loss in the
antenna, and should not be confused with aperture efficiency, which measures the relation-
ship between the directive gain actually obtained and that which would have een obtained
if the aperture were uniformly illuminated.

Target Cross Section. See NRL Report 6930, p. 13. The symbol is used for the
radar cross section of the target in square meters. For comparison f the performance
of competing systems, the value = 1 m2 is often used.

Frequency. See NRL Report 6930, 1). 14. The symbol ft-lz is for the radar frequency
in megahertz.

Antenna Ohmic Loss. See NRI Report 6930, p. 18. The symbol , is for the ohmic
loss of the antenna expressed in decibels. Even though this loss is taken into account by
the fact that represents the power gain rather than tile directive gain of tie antenna, it
must also e entered separately because of its contribution to he' system noise. (Its
inclusion in the ower gain accounts only for its effect on the transmitted and received
signal powers.) If there are separate transmitting nd receiving antennas, L refers to the
receiving antenna only. This quantity is negligible for many types of antennas, particularly
for parabolic reflector types, for which the approxinction L = 0 d is usualIly justifiable.
Certain types of array antennas, especially those that employ fequency or phase scanning,
may have appreciable ohmic loss.

l --eivin Line oss. See NIt, Report 9M0, . '0. Tell syml)ol L is used for the
loss of the receiving transmission line i decibels. This loss usually includes duplexer or
circulator losses; the prefatory remark concerning partitionini of the receiving system
applies.

Transmitting Line Loss. Se NL, Report 6930, p. 70. The syibol L, is for tile
loss of the transmitting portion of tile transmission line il (ecibels (not usually identical
to L). Duplexer loss is usually included. The remark concerning partitioning of te
system applies.

Antenna-Pattern Scan Loss. See NRL Report 6930, p. 70. Symbol ,,. This loss
reflects the facts that () the number of pulses integrated for a scanning radar is somewhat
arbitrarily taken to be the number occurring while the target is within the hldf-polver
beamwidth of the antenna, and (b) te beam does not have full uniform gait, within this
beamwid th all( zero gain elsewhere. For a no nscanning radar nin ied dirctly t a target,
L = 0 dB. For a simple azimuth-scanning radar, LP , 1.6 d. For a simultaneously
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;iZiivth- ;1( elvxationl-sC:imnllg l(I:ir, 1,, .2 c lIi is rasonahI]e assu' t iocc. I it otgh

this result iS aitse(l o I crude rather iii aI sophisti(cttd aMlysis.

jiscelIanc'ouS Loss. See NU. R!el:r rt M, p. 82-81. Symbol ! . A rcg the

possible losses that may he inclu(ed her are colla)sing loss, signal-processing loss, array-

fill-time loss, beam-sc uint loss, polarjz-atiic-rot:tion loss, and rain-al)sorption loss (if tlhe

rainstorm extent is less than the radar-to-target range). Ihe decibel value of this loss is

olbtaiell l)y directly ad din ig the deCilhel valuties of individl al contriti uting iosses.

Bandwidth Factor. See NRI. te ort 69 30, p). 14. Symbol Ct i.f for the decibel loss

resulting from a mismatch, in the North-filter sens(, between the pulse characteristics and

the receiver filter transfer characteristic. For a siml)le pulse radar, this relationshi) can

be analyzed a(equately in tnrmn; of the ipulse length and shape, and the filter bandwidth.

For most ra(lars of this type it is reasonal)le to ai ;surne C = 0 (11, in the absence of

specific knowledge to the contrary. For puIsc-compressionl radars, there is usuLXly some

loss associated with the compression fil.er, ranging from perhaps 0.5 dlB to several (lecil)els,

depending on the technique employ-d and the cumpression ratio. As is done witl the

loss factors, C11 is to he enteed as Li positive decibel number.

Receiver Noise Factor. (Also alled receiver noise figure; although ligure" is perhaps

the most common usage, IEEE standiirls give preference to "factor.") See NRL Report 6930,

p. 50. Symbol NF or F,. The receiver noise factor and receiver noise temperature are

alternative ways of expressing the same property of the receiver, but the noise faceior has

been chosen here because it is the quantity more commonly given in receiver specifications.

The decibel value of the noise factor is to be entered on the data card.

Number Of Pulses. See NRL Report 6930, pp. 71 and 72. Symbol A. If this number

is determined by a signal processor, it must be found by reference to the characteristics

of the processor. When it is determined by the scanning action of the radar antenna, and

if a simple azimuth scan is employed, the appropriatb formula is

,l = -;--) PM (1)
6 RTiX cs(I

where ,,, is t.l1e azimuthal kilf-pover ivamwilth, degrees; PR!" is the puke repeution

freqUen1Cy, hertz; RPM'AI is tlhe rotation rate Of the antenna, revolutiois per inti(tt ;ind

0,, is the elevation angle of the target. (Tlhbe term Cos n, is sivnificant only when a target

is at an elevation angle of about 10 degrees or more. For vertical-fan-beam radars the

range is usually calculated at an elevation angl(- low enough so that cos (,. 1 1.)

For SimUltalleOuS aZilniLth- alId elevation-scanniing ratis, aluing ;I Sawtooth-motio n

elevation scan and a uniform-spee(-rotation azimuth scan, the appropriate formula is

Ml = - ,f .- P PF____(2)
6 t! c RPA . Cs 0,.

in which , PR, RPA, ;cnd0li have tle saie definitions as before, 0 is the vertical beallm-

width, wl. is the vertical scanning speed in dtgrees per second at the target eieva: ion angle.

and 1,, is the vertical-sc:ln perial in sec(Ondls, includiig tIl' dead tilie if any.

8
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IW nulier of' plses to h' useni 'or r;silrs of' othr sean t\';i ' flist 8! ilZi'! 0!!
:n1 in(liViltlLl lIasiS, s tsliseUssel in N. Iteporl 690.

The number of pulses is entered o t ata card ts an integer (I-formt). Cnseluently'
the nnbher mst be right-adjlsted i the fiCHi f ColuMns ;I through 65. ll' th nrner
calculated from the above formulas is njt in integer, it shJuld be roud((l Off to he
nearest integer. (The subroutine thilL (alCuialtes dtection prohability ruire s ;n integer
for the numler of ulses Integrated.)

Irobaility of Dotection. See Nl ltep rt f930, p. 8 and 19. Symbol P41,. ro-
ability is here given i the mathematical snse i a number between 0 and 1 (not as 
percentage figure). Values larger than 0.99 should not le ntre b ieciisv omputation al
difficulties result. Also, vI us smaller than the false-alarim rolbaility P, are maiia n esi;
for practical purposes P should he at least an order of nlgnitUde lrger than P,, (Ordi-
narily it is many orders of magnitude largi'r.) Typical values of P of interest range from
about 0.1 to 0.95.

False-Alarm Exponent. See NRL Repoi 69:30, pp. 18-19 Symbol - log1 l '.
rypical values of false-alarr prohibility range from 10 to 2 T he number to e
entered on the data card is the positive value of the exponent (pover of ten). Tus, for

)= 106. enter the nun;her 6.0 on the data card: for P 25 X enter 6.

Swerling Fluctuation Case. See NRI. Report 6930, p. 28. Five cases are considered,
with 0 representing the nonfluctuating target an(l integers 1 through representing the
4 werling ases as defined in Nl Rep ort 6930 (and elsewhere). If the nmil ers 0, 1, 2,
3, or 1 are punched o t data card in (oiliunin 7, the correspond(ing flutlua1tiol case
will he calculated. If 5 is punched, all 5 C1ses will le (alculated-

Further options are provided y a 6 or a 7 punch in (olImunr 74. A p h signifies
that the range is to be calculated for a specified signal-to-noise ratio rather lan f or
specified proliabilities of detection and( false alarm. For this case, the sgnal-to-noise ratio,
in decibels, is pnched in Columns 66-69, where robahility of detection would ordinarily
appear. If a 7 is punched in ColImn 74, the calculation of range will h miide for two
different signal-to-noise ratios, one given in Columns 66-ri9, th oer in Colans 70-73.
When either 6 or 7 is punched in (iluni 71, t' nunhln'r-of-linlses en trv, ('iliiiis 1-65,
is ignored. Likewise, if is pinleld te false-altrm expone(iit enry, ('oluns il)-73, is
ignored.

Target Elevation Angle. See NRI, Reporl 930, pp. '18, S, 69, and 72 through 80.
As mentioned in the Introduction, this factor enters into the quasi-fre(-si)o e range cal-
culation because the effect of the earth's atmosphere oin the antenna nloise temperature
anci on asorlition loss is taken into account. The levation alngle is toit' ( nfred in degrees.
If a range calculation aplicahle in empty Spl i desired, a close approximmlinia ei' he
obtained, except at frequencies near the vater apor and, near or ahove the ox gen resonances
(22 and 60 GIIz, rcspectively) y settil elevaltion angle to 90 (legrees, 1 inleau.e for
this setting the asorpLion is virtually negligibl''. Aso, since the aleulaLeo asorlption is
one of te printed-ott quantities, correction for it ;in e mil];(ie.

Glactic_ Noise ode. See NRL Report 6930f, p. 19 ig 1. As shown in th refrenced
figure, te nois ruvived fron l galaxy to which th solar systel helong vrie d penling
on the part of the galaxy toward hich tin' itenn;a is liointi-d. This dirvrf i :5 not
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usually pcretlicttblcl Thrrefore L he options of a!alcilatig Ih rah lar raiog for thrne choices

of galactic ;tn slar noise I ar proles. ' lb cod(is are I or niiiimill galac(ti
noise, 0 for average noise, :nl +1 or caxininl gotic noise. (The MaXiTlIll anfld Illilill lW

values arv showic hy dashldl lines ill tlt referenced figure of NRL, Report 69830.) Te

numbher eitereI is to eI right-adjusted il Columns 7-S()

PROG RAM )ITIllT'j

'I'he L 1outpit of rogram IGCALC is ai single printed page for each set of dat:a inputs

(two dlataI cardl). The alluihalInmeric material of the first data card is printed at the top
Of tu page. Then tlhe nli meric i Ut (IaLa are printed, hoth as a recor(d of the (da La a dI

to cilsu re that the (liat a card I was Correct It locIIecI. Next are rinted some iiternmcciate

output (qilniLities S1ch as the compllUted lloiS tlmpvnrattirvs of the system com)onents a1d
of the overall receiving system, and the Lroposplwric absorption for a two-way )ath through
the entire trop(ospihere at the specified eleVation lgl e. Then, if th l ml lmhr p unched I ill

Colunin 71 of the numerical dat iuL card was 5 or less, the calculated range or ranges
are printed for the Swerling case or cases specified. Along with each range figure are also
givell he calculated Sgnli-to-noise ratio ill ecilels an(d the tropospheric attenuiation for
,hat range.

If the 'case" parameter of Coltn 74h is 6 or 7, the p)rinted otput:t is modified slightly
to reflect the fact that tlhe range has heen calculated on the hasis of an assumed signal-lo-
noise ratio rather than for specific probabilities of detection and false alarm and a specific
fluctuation molel.

Figures 1 through 6 are illustrations of the il)ut data cards and resultacit printedl
output for three different 'case- options, namely 1, 5, and 7. Cases 0, 2, 3, .nd 4 produce
oultit results similar to that shown for Case 1, and Case 6) prodluces an output similar to
that of Case 7, except that the range is then calculated for only one signal-to-noise ratio.
The radar parameters of these sample CalCUla-1ons are fictitious.

EQUATIONS AND ALGORI'I'IIMS

It has heen mentioned that Eq. (12) of NRI, Report 6930 (1) is tile hasis of Program
RICCALCL. The e(uaLtioll is

-| [/, It WV~ *..* r'r F,2 1 2] I
"UIi1iX = 129.2 7;_ ,, Cic! j(:I)

The symbols in this e qultion have hen previously defined i this report except for those
that follow:

Ft, F. -- p)attern-prol)agation fa tors for he radar transmitter-to-target and target -to-
receiver paths, respectively. In Progtram I.CALC, Ft = F, - 1

- the receiving system nOise ten mpera;tuire, kelvins

V,, -- the visihility factor, or predetection signal-to-noise ratio reli red for thn
specified irobaIh)ilii of d(ettion of the t.rgel (cho



t-")

r-~

II1Nill lO:'()lC'I', I :a

1. -- the sstem loss factor, equal to the prodUCt of AI te commolot loss factors. t
(111 lecills, . is the sum of thu (thcompontnt lecilbel losses.)

Program RCCA lC is a X('Utive rouLine which reads the data cards ad then trans-
mits the datl Lo t sulbrottine Ra IANGE. This sborotutinc calls oier sbroutines
WhiCh cAlCulate l( system noise temperature T,, the signal-to-noise ratio V,, 0ll tll

F I R L1 1 14 I L 1 4 'I i: 6 : FI ;-: 'i ' I 4 i I 0

]D 0 0 11313DI 434343444014404C03040404100004 0a00onane o04' ooa an. G0 3050eC oO OO ?
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6466tS64t666666t6tt66St6664664 6 664646 666666 66tt 6666466tt6G6660L 00111/11111111111111111111111b111111111111111111111
1 1 1 1 11111111 1 1 01111

Ila ss 858488440443545849 8l 481544414114588880484850844488888888444488888844448
o 990s5439931009999999 99054991 159999S999 0999449 9 9 999939 1009999 5 099 009

o n 0 30600a 0 n0c 448000000000500 0o30000l 0ID0 n D00 a0000 0 0 0 0004 000 U000 100Q G00 000
I 4 I 0111 4 11704 I1 I' : I I I I : 1 1 ' 0 1 I ' ' ' .I '. i I I I ! ' .I I I 
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4
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RADAR NAME OR DESCRIPTIMN r-

FICTITIOUS UHF SEARCH RADAR

RADAR ANU TARGET PARAMETERS (INPUTS) --

PULSE PER, KW .,........., ... .
PULSE LENGTH, MCPUSI:C .. ,,........-,,
TPANSMIT ANTENNA GAIN, D .,,v,, ... p....
RECEIVE ANTENNA GAIN, D .,.,,.........
FREOUENCY, MHZ ....................
RECEIVER NOISE FACTOR (FIGURE), D9 *,..
aANDWIDTk CRRECTION ACTIR, ¶ ,,, ,,.
ANTENNA OMIC LSSt DB......
TRANSMIT TRANSMISSION LINE LSSo DB ,..........
RECEIVE TRANSMISSION LINE LOSS, S -,...
SCANNING"ANTENNA PATTERN LOSS, DB ,
MISCELLANEDUS OSS, .. ,.,,....,';t........
NUM3ER OF PULSES INTEGRATED I ,...
PROBABILITY OF DETECTION ., .. , .,
FALSE-ALARM PROBABILITY, NEGATIVE PWER OF TEN
TARGET CROSS SECTION, SQUARE METERS ;,_.....
TARGET ELEVATION ANGLE, DEGREES ,.,.',..,
AVERAGE SOLAR AND GALACTIC NOISE ASSU.ED
PATTERN-PROPAGATION ACTGRS ASSUMED = 1.

CALCULATED OUANTITIES (OUTPUTS) --

NnISE TEMPERATURES, DGREES KELVIN -;ANTENNA (TA) ,............., 
RECEIVING TRANSMISSION LINE (TR) ,..,...

RECEIVER (TE) .. ,f|tt44f XfX
TE X LINE-LOSS FACTOR * EI ,,,..,,,,..
SYSTEM (TA * T * TEI) , .. ..

TWO-WAY ATTENUATION THROUGH ENTIRE TROPOSPHERE,

SWERL I NG
FLUCTUAT ION
CASE

1

SIGNAL-
T3.NOISF
RATIB, DOB

I, Q0

TPOPOSPWERIC
ATTENUATIMN,
DEC 1 E L S

0 , 9 7

Fig 2 -- Progran RI(CALC tIutpuit fr daa cr(s *It Fiv- I

r-
>:R>

500 1 0
20,0000

22, n
2 2 , r

3 1 5 , 2 , 5

o . 5

0. 1 . 6
n , o

45
n ,500
5 0 08 , 

,n 

2 51 , 6

2 2 , 7
2 5 , 2
540, 2

DM i , 0

R A N G E ,

NAUT I CAL

I L E S

2 0 9, 9
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Fig. 3- Data cards for calculating ranorgv of ;I micrwave volunCe-scaOning radar, Swvrling

c:asts 0, 1, 2. 3, 4 flUtuttation (5 punch in Col. 74 of second cird)

(array) of tropospheric albsorption3 losses in decibels at range increments along the (refracted)

ray path for the specified elevation angle. Then a system loss factor L, with troposphcric

absorption loss omitted, is calculated. The range eqonintion itrithmetit is theno performed,

using the input data and the calculated valnes of T,, V,,, anrl L. Then, ill the "alble of

calculatecl absorption loss values, a vaittu of this loss corresponding to the calculated range

is found by interjoolation. The range is corrected by a factor correspondilng to this loss

factor; then the new loss factor corresp0ol(Iing to this corrected range is found, agaitl hy

interpolation; this iteration is repea ted uttil t he last correction corresponds to) loss than

0.1 dB, in a sulbroutine named ITERAT.
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RADAR NAME ~'R DESCRIPTION i

F[rlITIIOUS MICRWAVE VLUME-SCAN RADAR

RADAR AN5 TARGET PARAME7LPS (INPUTS)

PULS PER, Co ,,,,,,, , , _
PULSL LENGTH, MCROSEC.fSI
TRANSMIT ANTENNA GAINI Db ,,,,...... . I ...

RECEIVE ANTENNA GAIN, DB ,,,,.,.. .....
FREOUENCY, HZ. ......... , ........*.*. .

RFCEiVER NOISE FACTR (rIGURE), DR .7..., .

OANDwIDTK CORRECTIOK FACTOR, DU ........

ANTENNA OHMIC 4 5S, D9t ........................... |,... 

TRANSMIT TRANSMISSION LINE LwSS, DS

RECEIVE TRANSMISSIMN LINE LOSS, 0B ,..........

SCANNING:ANTENNA PATTERN LOSS, DE III

MISCELLANEOUS L.OS, R ... ,,. . I......
NUMBER OF PULSES INTIORATED ,. ........

PRBA8ILITY OF DETECTIOrN,, .. .... ......
FALSE-ALARM PROBAILITY, NEGATIVE POWER OF TEN

TARGtT CROSS SECTION, SQUARE UEVERS .........

TARGET EtEVATION ANGLE, DEGREES .,,,;,........
MAXIMUM SOLAR AND GALACTIC NOISE ASSu4ED

PATTERN.PROPAGATIMN FACTORS ASSUMED 1.

CALCULATED QUANTITIES (OUTPUTS) --

NOISE TEPPERATURHS, DEGREES KELVINANTENNA (TA) .,..i.,....-.. .
RLCEIVING TRANSMISSION LINE (TR) .....
RtCEIVER (TE) ..... I. . ... * * *.... ....
Tt X LINE-LOSS FACTOR a Ttl ,.......
SYSTEM TA * T * TEI) ,... ......

TWO-WAY ATTENUATION TWROUGH ENTIRE TREP'0SPHERf,

SWERLING
FLUCTUATION
CASE

0

1

2

3

4

S I GNAL -
T-NO I SE
RATIB, OR
- - - - - - -

10, 6'

I 6 

1.4 , 83

14, FR,

1 2, 0

TROPUSPHERIC
ATTENUATION.
DEC IBELS

2,8B

2, 1 7

2 5 2

2 I,69

ig. -I -- ro.grani R('ALC (utpuIt -r d ta (%ds (( I. 

1.1

1200 .60,o n
34 Ir
34I0

2 M 7 , C
2q5 , O3I0

30
3I.2

3 2

2
0 9 0 0

6 n

0 , 4r

wi 1

9 8, 3
8 8 , 6

580, 9

DA 3,6

RANGE I
K AUT I CAL
M ILES

1 2 6 9

8 3 2

1 1 9

1 3 

c�
r-
I..-

_r
-1
m
I=
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Fig. 5 -Data cards for calculalting ra nge f a millimcter-wave tracking radar onl a pecified
signal-to-noisc-ratio hasis (7 punch in Col. 71 of' second card)

t
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RADAR NAME CR DFSCRIPT'ON ,-

F!CTITI3US MILLIMETER.WAVE TRACKING RADAR

RADAR AND TARGET PAPAMETEPS (NPUTS -.

PULSE PER, KW . 5...
PULSt ILENGTW MCROSECr .,,,, ....................... ,.,*|t....... 0,2son
TRANSMIT ANTENNA GAIN, D ,,,,,,. .. ,.. , 54,(
RECEIVE ANIENNA GAIN, D ,,,,..... ... 5410
FREOUENCYI MHZ ... , ........ 3 nooln
RECEIVER NOISE FACTnR (FIGURE), D ,;..,.1n

6ANDWIDTW CRPECTI6N FACTMR, De ,.,..... ,...... .
ANTENNA eWMIC SSI U..,,.,...,. , ,...
'RANSMIT RANSMISSIPN LINE LSS, D ;.......... ,7

RECEIVE TRANSMISSION LINE LOSS, O 2,1.,,2..,.
SCANNINGiANTENNA PATTERN LSS, DO ,,,io... .... ,
MISCELLANEOUS OSS, DR ,,,,..,,.,,, ,......,,,, O.3
SIGNAL-TO-NOISE RATJO, DB, ......... ; ..., 3.

SIGNAL-TOeNOISE RATIO, 08 .,,,.,,.,,., 0,0
TARGET CROSS SECTION, SOUARE ME'ERS ,......... 0,2000
TARGET ELEVATION ANGLE, DEGREES ................ 0.00

MINIMUM SOLAR AND GALACTIC NOISE ASSUMED

PATTERN-PROPAGATIMN ACTORS ASSUMED 1.

..*gg**O*S******* *e********O*

CALCULATED UANTITIES (OUTPUTS) -

N'3ISE TEMPERATURES, DEGREES KE.VIN
ANTENNA (TA) ...... ,,.'. ,6.,,

RECEIVING TRANSMISSION LINE tR) , ....... 19,3
RECEIVER (TE , .. .... ..*... *. ...... 8o80 6
T X LINELOSS FACTOR TE ; ,,,..,,., 14738,1
SYSTEM (TA.TR*TEt 1 ,,*.,,,,., i212,0

TWO-WAY ATTENUATION THROUGH EK'TIRE TRrPOSPHrE9 DR 34,4

RANGE 22,1 N Ml,, TPOPOSPHERPIC ATTE'LATISN 7,27 DS

F4)R SPECIFIED SIGNAL-tG.NMISE RATIO m 3,00 6

RANGE 25,0 N, M,, TROPOSP4ERIC ATTEKUATI` * .15 D9

FOR SPECIFIED SIGNAL-TO-NIISE RATIO 0,00 n6

Fig, 6 - Proram RGCALCA output for dahta cards of Fig. 5
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Figulre 7 is a flow chart sowing t seneof vetlLs in the conipo1lLati' llA r

in(icated(II ec k s a re I mi(iI' at severaIl nitsi ) wlii' permit (ertain i ortiolis ol (1 t I aIlllztiOII

to he omitted if inore than une range ealculatIon is being, mlade. and i' resulLs of som' steps

in the precedinig c-leCulatIo (o111 he use'd.

In the following sections, the algorithms of the various subroutines of the program

will h e (descrilied. ''le nl all0S in paren0theses follmving the sulhroutine mim a're its para meters

ill the calling sequence.

Subroutine ALPH IA (FN 1IZ)

This subroutine performs tIe initial step ill the co mptltion of tro)ospheric absorption

loss aid noise teml)erature; it C0om1pl-utes aI set of absorption coefficients in d(ihels per

nautical mile for a set of altitudes above sea level from 0 to 100,000 ft. The first 21 of

these altitu(1 es (from 0 to 2000 ft) are at intervals of 100 ft; the next 28, to 30,000 ft,

are at intervals of 1000 ft: the next 20, to 70,000 ft, an' at intervals of 2000 ft; and the

last 6, to 100,000 ft. are At intervals of 5000 ft. 'l'his graduation of height intervals

reflects the fact that the absorption coefficient chan ges more rapidly in the lower atmosl)here

than it does at higher altitudes.

The absorption coefficients are calculated at each of these altitudes for both oxygen

and water vapor, and the two coefficients are added to obtain a total absorption coefficient.

The resulting array of 75 coefficients, for the frequency FNMHZ (first param(ter of the call-

ing sequence) is named ALPI (J, 75), J = 3. It is transmitted as output via a CONMMON

block named PTR.

The computation is done using the theory of Van Vleck as (lescril)ed in NRL Report

7010 (1), excel)t thtat in the previous version of the suLbroutine described there, Van V'leck's

centroicl ap)roximation was used, anid it is not valid in the region near the o:sygen resonances

from about 50 to 70 Gliz. The new version of the subroutine, as now useed in Program

RGCALC, performs a more exact calculation by summing the separate absorption contribu-

tions of each of 46 individual oxygen resonance frequencies. Consequently, ralnge calctila-

tions can now be made within as well as outside the frequency region 50 to 70 GlIz.

The calculations are made for the stari(lard( dry atmosphere known as the U.S. Exten-

SiOIn to the InLernaltional Civil Aviaition Organizatio ( ICAO) Standard At mosphere (10).

'I'he model for water-vapor conttilt of' tie atmosphere is based oii a hmility profile

given by Sissenwine andc others (11) as representative of the midlatitude mean houmidity.

This midlatitude mean, however, has a surfae water-val)or content of 5.917 gm/mn3 , and

it was desired (in aeor(linc( vith prevailing practice) to adopt the surface water-vapor

(density value of 7.5 gm/inl for the absorption coml)tutiltions. ''herefore. the values Of

the Sissenwine model were all multi )liel hy the factor 7.515.9,17 =1 .2(1. 'li talbuhltion

given in Sissenwine's report is for altitudes at intervals of 2 km in the region of interest

here. The values correspolmnlig to the ltitudes specified in Subroutine ALIA'IA were

obtained Iy means of an intr o tion techl ique dev(lope d fpr digilal-co mputer plotting

of a smooth curve through i set of data points (12).

The sets of 75 values of pressure, tem perature, and water-valor density values defining

this model atmosphere arc entered into Suliroutine ALI'iA in the form of Fortran DATA

statements (arrays I'll, 1I', and l1l1),L thus obvialing any necessity Of reaiding them in from
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a separate dek of diata cards each timic Lhe progr:m is rn V1h set (Jf ('i )xvgen rso- -_

nance frequencies is similarly entered via l)A' statefletn til'S fre nentieS are set

into two arrays, FTRP andE FTRNI, correspondin1g to two cla;sses of q uatmtu lLIhi( al

state ransitions of the oXygn molecule. 'I'h( details o thte calclations are descrie d hy

Meeks and Lilley (13); their formulations of the cxygle absorption (gintiOnlS ver( emfllil(y(-

(The frequencies FTRP correspond to their symbol "\ +, an( FTItlm correspon(ls lo .1

Tle only deviation from the Meeks and Lilley calculations was the use of a slightly

different dependence of line width on altitude. The model of Reber, Nitell I, and

Carter (14) was used for this part of the calculation.

Subroutine ATLOSS (FN11Z, ELEV, ATM11)

The input parameters are FNI IZ, freqLuenVCy in megahertz, and FLEV, elevation angle

in degrees. The output parameter ATMP is tle tropospheric noise temperature compte(l

for the specified frequency and elevation angle. Another output, transmitted Vial C@NINMON

block RCA, is an array of absorption values named A7FN (decibels) corresponling to a

set of range values along the ray path at angle ELEV, corres)on(ling to the altitude values

of Subroutine ALPHA. The corresponding array of range values RG is similarly transmitted

as output.

Subroutine ALPIIA is called by Subroutine ATLqSS, and tle resulting array of 75

values of absorption coefficients ALPH(J,75), J = 3, is used to calculate cumulative

absorption along the ray path at angle ELEV. The ray path in the refracting atmosphere

is computed by numerical-integration ray tracing, from the formula (151

R (/II ~ (b 

in which

d }i 1 cos F( CO, 2

lere It is the radiar range corresponding to heiglhl h, as measored along the ray path of

tle initial elevation angle /1, , tj(il) is le refractive illdex height prorile. tI,, is the valn of

n at 15 = 0, and r, is the radius of the earth (niore specifically, it is tile distance fron the

earth's center to tle initial pOint of the ray).

The attenuation is then computel along this ray pathi by nmerically integrating

the equation

A (1Z ) = 2 J (11) A()
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in which R I? R(h ), ansi (hi) is the absorption coefficient at height 11, a!: given by tle

array ALPI I (J, 75), J 3. Tho derivative (ds/dl is eq(ual to 1 /n(lh)] dIdI/dl; that is,

R is the radar range measurel along the ray path, and s is the geometrlc distance along

the same path. The dlerivatives ds/dh md (dIR/.h are computed in a short subroutine

named DDIJ(II), in which the single parameter is the height 11. The (erivatives are named

DSDI and DRDII and are transmittel to Subroutine ArLoSS via a COMM0N block

named DRS.

The refractive index model used is given1 hy (2)

n(1h) = 1 + 0.000313 '' (7)

where k = 1.3818 X 10--5 if hI is in feet. 'lle earth's radius is assumned to be 6370 km, or

2.0899 X 10 7 fL.

A special technique is used to perform the integrations in tle vicinity of h = 0 for

the special case 0, = 0, because in that case dR/dh and ds/dh both become infinite. This

technique was described by the author in a paper published in 1968 (15).

The tropospheric noise temperature T.,ltm (Fortran name ATMI') is computed by

numerical integration of the equ:1tioll

Tatm = 0.2303 | (R) T,(R) exp -0.2303 |" -Y(r) d(Ir dR, (8)

where dR is taken along the ray path. T, is the thermal temperature of tle troposphere:

its values are transmitted to Subroutine A'l'lOSS from AlIIIA via C0MMON block 'I'MP.

The previously described modification of Simpson's rule cannot be used to perforn

this integration because it is an integration with respect to R (range) rather than If (height).

The h intervals, as described in the section on Subroutine AlPI-iA, are uniform (over each

of the four height regions); however, the corresponding R? intervals are not uniform.

Another special mo(lification of Simpson's rule was (levised to handlIe this prohlerm; it is

embodied ill Subroutine INT(GIT'l', wlich is called by AT'ILOSS to perform the tntumerieal

integration of Eq. (8). Further details of the absorption and noise temperature calcula'-

tions will be given in a report to be written in the near future, in which Curves for absorp-

tion and noise temperature as functions of frequency and elevation angle will he prosented.

Subroutine TEMP (FMIZ, ELEV, K, ANF, ALA, ALR, ATMI,

TA, TR, TE, TEl, TSYS)

The input parameters FMHZ. ELEV, and ATMIP are the same as those of Subroutine

ATL0SS. The other input parameters are

K -galactic noise code (-1, 0, +1)

ANF receiver noise factor NF, dlB

ALA -- antenna loss fa, tor 1 I B

ALR- receiving line loss fax.Pnr l., d111.
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The output parameters are

TA - antenna noise temperature T., kelvins

TR - receivingtransmission-h1le noise temperature Tr

TE - receiver noise temperature T.,

TEI - product of T, and L,

TSYS - system noise temperature Ts.

The antenna noise temperature is computed by use of equations given in NRL Report

6930, p. 49, and Report 7010, pp. 40 through 44 (1). The sky temperature, named TAl,

is first computed from the equation

TskY = (Tgal + Tbb)ILat, + Ta(sUn) + Tatm (9)

in which Tgai is the galactic noise temperature, Tbb is the cosmic blackbody temperature

(2.7 K), Latm is the atmospheric loss factor (expressed as a power ratio > 1), T0(Sun) is

the solar contribution to the antenna temperature (assuming that the sun is in an average-

level sidelobe of the antenna pattern), and Tatm is the atmospheric noise temperature

(ATMP, obtained from Subroutine ATLOSS). TIe galactic temperature is given by

Tga = T10o * (10O!fM1 )2.5 (10)

The quantity T1 00 is the galactic temperature at the frequency fMIIz = 100 Mllz. Its

numerical value depends on the galactic noise code K according to the following prescription.

K TIOo (kelvins)

-1 500

0 3050

+1 18,650

The solar contribution to antenna temperature Ta(sun is obtained from a table of

values of the solar noiSe temperature TM, entered via ;a D'r A statements the table correspond(s

to frequencies in the range 100 Ml lz to 10 1liz, and the values are taken from Fig. 6 of

Report 7010, p. 43 (1). At frequencies between the tabulated values, TS.,n is found by

linear interpolation. Above 10 GHz, Tstn is assumed to have the constant value 10,000

kelvins. The solar temperature T5un is related to Ta(sun) by the equation

T0 (sun) = Tsun X 4.75 X 10-5/Ijatm (11)

The numerical factor takes into account the assumed unity-gain average sidelohe level, the

ratio of the sun's noise diameter to the total solid angle (4m steradians) viewed by the antenna

including its side and back lobes, and the assumption that the sun is on the average ten times

noisier than indicated by the referenced curve, which portrays the "quiet sun." Then, T0 (S,,

is decreased by a factor of 10 if K =-1 and increased by 10 if K - +1, where K is the galactic

(and solar) noise code.
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The re: -Ilting value of sky temperature TAI is mulltij)lied by 0.81 to take into a(ccount

the fraction of the total antenna p-attern suhttenled ly the sky, and to this is added the

contriblution due to antenna-loss noise, in accor(afnce with Eq. (37) of NRL Report 6930.

Tb" transmission line and receiver noise teml)eratLres Tr and T.. are comp)ul('d in

accordance with Eqs. (40) and (41) of NRI, Report 6930, p. 50, and comhined to give

the system noise temperature by the equation

T T = + Tr + Lr T,, (12)

vhere Lr is the receiving ine loss factor. The product LrT', is also reported to Subroutine

RANGE as the parameter TEI, and is printed as an intermediate output of the program

along with 7',,, T,, T., ind Tr

Subroutine I),SN (PDT, PFA, NPULS, KASE, SDB)

The purpose of this subroutine is to find the signal-to-noise ratio required fur detection

SDB, for the specified probability of detection PDT, false-alarm probability PFA (expressed

as a positive number representing the negative p-wer of ten), numler of pulses integrated

NPULS, and Swerling fluctuation case, KASE. Subroutine PDSN does not perform the

caiculation; it rierely manages it l)y calling other subroutines. The actual calculation

requires an iteration, which it performed by Subroutine INVERS, called by PDSN. Before

calling INVERS, PDSN estimates a range of decibel values (lower value DB1, upper value

DB2) likely to entain the true value SDB. An empirical formula is used for this purpose.

This procedure minimizes the number of iterations required. Subroutim I'DSN is called

from Subroutine RANGE, and the resultant value of SDB s used as a factor in the range

calculation. When the "case" parameter of Subroutine RANGE, is 6 or 7 (Col. 74 of

the data card), PDSN is not called, since the signal-to-noise ratio is then a direct. input

and nced not he calculated.

Subroutine INVERS (XMIN, XMAX, XL0, XIl, NSIG., LIM,

N01, X, Fl, F'T', F)

This subroutine perform an iteration to determine the value of the argument X of

a function F(X) which i'rill, withii a specified aCCuracy, cause F(X) to eqlnaI FT, a specified

value of the function. The accuracy parameter is NSIG - the number of significant figures

to which agreement is desired hetween F(X) and FT. LIM specifies a limit on the number

of iterations permitte(l, and NOl (output parameter) reports the number of iterations

actually performed. F1 is the actual final value of F. It is required that F be a mono'onic

function of X within the permissible range of variation of X, which is from XMIN to

XMAX, and that the value F'' exists within this range. The input parameters Xl Q) and

XIII define a region in which it is guessed that the desired value of X will be found. If

no knowledge exists by which to estimate this region, XL and X11 can be set e(lual to

XMIN and XMAX; however, the more narrowly the region is defined, the fever will hoe

the iterations required.

If the slope (IF/dX tcor(nes nearlv zero in some part of tlhe ranlge fron XMIN to

XiIAX, aind if this region is conllined betweei XLt and Xlll, the iteration will eonverge

very slowly, or conceivaldy not at atll. IL is for this reason- as mentioned earlier, that
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values of plobability of deteCtion greater tanill 0.99 Souldl10 ne(t he sveCified. :vidently

Suhroutine MARSWR, which is involved in the iteration, (loes not define well tle slope

of the "funttion" in this region.

Function PD (SNDI)

In order to define a function on1 which INVERS call ol)erate, the Fortran FUNCl'ION

PD is used, with signal-to-noise ratio (dB) as the argument SNDB. This funzctiol mer-ly

calls Subroutine MARSWR, which calculates the probahility of detection.

Subroutine MARSWR (SNDB, N, FA, KASE, PN)

As has been discussed, this subroutine is basically the subroutine of Iellner (6) which

he named MARCUM. it was renamed l l,\IZSV t after a few changes in it were mll( to

adapt it to the requirements of Program RGCALC. TIhe inpUt parameters are SNDB,

the signal-to-noise ratio in decibels; N, the number of pulses integrated; FA, the false-alarm

exponent; and KASE, the Swerling fluctuation zase.

As has been mentioned, Fehlner's original subroutine calculates the probability of

detection PN for a specified value of Marcum's false-alarm number rat'ier than on the

basis of false-alarm probal)ility. The power-of-ten exponent of the false-alarmi number is

named FAN in the subroutine. The relation between FAN and the false-alarm probability.

P sPfa '

FAN = log 1 0 logg. 0.51 (13)

This reiationship is used ill SubroutinTe MARSWR to convert the ini;ut parameter

FA to the internal p)arameter FAN.

In using Subroutine MARCUM, it was found that an appreciable portion of the

computing time is spent in computing the bias level Y13. If succesive calls to MARCUM

are made with the same values of N an(l FA (hut with different values of SNDII and KASE),

i' is not necessary to rel)eat the hias-level calculation. Therefore a provision for omitting

that part of the calculation, when successive calls to NIARSWR are made with the same

values of N and FA, has been added to the subroutine.

Functions named DGAM, DEVAL, GAM, and SUMLOG are p;art of the MARCUM

subroutine, which was originally written in Fortr.n 11 for use with an IBM computer.

These functions are also incorporated into MARSWR. The only changes t1ILmIe in them

were those necessary to adapt them for use on the NRL CDC-3800 computer. ( 2ome of

these adapting changes were made by Stanley Gontarek, of the Naval Air Systems

Command.) A further slight change was made in Function SUM LOG; the array name(l

A therein was given a dimension 1000 rather than 200 as in the original MARCUM slh-

routine. This increased dimensioning saves computing time if successive *alls to SUNLOG

are made with values of N greater than 200.
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FORTRAN PROGRAM LISTING

The Fortran program, suhroutines, and functions are listed on the following pageS.

''he nane; of theŽ listed routines and their computer lengths (numlber of locations required)

are as follows:

Name locations Requircd

Octal Decimal

Program tGCALC 232 154

Subroutine RANGE 2030 1048
Subroutine TEMP 362 242
Subroutine ATLOSS 756 494

Subroutine DII 112 74
Suhro:Ainv ALPHA 520 336

Subroutine INTGRT 211 137
Subroutine ITERATr 220 144

Subroutine PDSN 230 152

Function PD 63 51

Subroutine INVERS 714 460

Subroutine MARSWR 3123 1619
Function DGAM 216 142

Function DEVAL 106 70

Function CAM 206 134

Function EVAIL 111 73

Function SUML0G 4203 2179

Totals 16525 7509
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M6/2n/72

SUPRbJTINE RANGt(PTKW,TAuMSGTDIBGPD,.SICGS,FMH2ALAfB,ALRnB,
1 ALTB, ALPDRAy~qCdBANFD,NULS,PPPFKAStELEvlaGSr)

COMMON/RrA/ RG175), TTN(3,75)
1i (ASE ,i.O 5) ni

10 IKASE 0
GO T 12

11 IKASE KASE
12 CALL EMP(FMHZELEVhNISE,ANFDRALADBALP.ATMP,TTRTE,*EI,

1 TSYS)
IF (KASE ,GEt 6) 6nf,61

60 SNDH.PD
GO TY 62

61 CALL PnSN(PD,PFA,NPULSIIKASEiSNUA)
62 FACDOR GTDb*GPLR-CbnU .ALTPlHALFPObeALXD8.SND)

FACszQ,*S(FACDq*'1)
RON(O=l2 9.21PTKW*TAUMi*SIGSMeFAC/ (FMhZ7FMWZ*TSYS))*0,25

RNGA=RNG0
CALL ITERAT(RNGAATT)
PRINT 1
PRINT 100, PTKW
PRINT 1Ol, TAUMS
PRINT 102, GTVA
PRINT 103, GRD9
PRINT 104, F'MZ
PRINT t05, ANFDH
PRINT 1.6i CROP
PRINT 108, ALAD8
PRINT 109, ALTDO
PRINT 110, ALRDB
PRINT 1Ill ALPDH
PRINT 112. ALXDB
IF (KASE ,GE, 6) 63,64

63 PRINT 117, SNDR
IF (KASE ,EO. 7) PRINT ii7, PFA

GO TO 65
64 PRINT 107, NPULS

PRINT 113 PD 

"'

PRINT 114, PFA
65 PRINT 115, SIGSM

PRINT 116, ELEV
IF (NOISE) 50,51.52

5t PRINT 55
Ge TO 53

51 PRINT 56
GO TO 53

52 PRINT 57
53 PRINT 58

PRINT 60
PRINT 2
PRINT 120
PRINT 121, TA
PRINT 122, *R
PRINT 123, TE
PRINT 1123, TEl
PRINT 1241 TSYS
PRINT 125, ATTNI3,75l
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05/1 2/72

PROGRAM RGCALC

D1MEKSTON NAME(10)
2 READ 3 NAME

IF EOF,60) 10.11
10 STOP
11 PRINT 22
2? FORMAT(15X@,RADAR NAME OR DESCRIPTION -- /

PRINT 30. NAME
READ 4 PT TAUGTGRSIGFMALAALPALTALPALXCBSANF,NPPO,

I FAKAELNS
CALL RANGE(PTTAUGTGRSIGFMALAALRALTALPOALXCBANNPPO,

I FA.KAELNS)
PRINT 5
GO TC 2

1 F0HMAT(6Xq4)
3 F' WAT(IOA8)

30 FORMAT(IoXlOA8//1
4 FORMAT(2F6.0,2F4.O,2F6.O7F4.09

5 ?2F4.Ohvl.4.0.12)
5 FORMAT(IHI)

FNo
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fl6x2Of72

If (KASE ,OE. 6 66,6
66 PRINT 66,RNGAATT

PRINT 167, SNDS
IF KASE EQ, 7) 170, 171

1?O SN81 * PFA
DIrF SNOQ.SNDBS
ANGI RNG0s10.*.(DrFFa,025)
CALL ITEPAT(RNGI,ATT)
PRiNT 166 RNGI1 ATT
PRINT I67 SNOB&

1/1 RETURN
67 PRINT 150

PRINT 151
PRINT 152
PRINT 1.53
PRINT 14,IKASESNU8,ATT,RNnA
IF KASE FO. 5 0,21

20 D0 30 I1g4
CALL PDSN(PDPFAiNPULSI.SND911
DlFFSNDR.SND8I
FACmi0, * *DIrFf*,025 )
RNGIzRNGO*FAC
CALL ITERAT(PNGIATT)
PhINT 14. ISNDBI,ATT,;NGI

4o CONTINUE
2i RLTURN

I FORMAT (5X$RADAR AND TARGET PARAMETFRS (INPUTS) --./I
100 FRMAT15X*PULSE POWER, KW ... ,,,.,..,
It FORMAT(15x*PULSE .ENGTW, MROSEC ,.................... ,Fli,4)

102 FORMATd15X#TRANSMIT ANTEKNA GAIN, r) 7..., .. ,,, .,..,, .. rlll,
103 FGRMAT(15X*RECFIVE ANTFNNA GIN, CR . . ,, ,..,,10 JFRMATu13X.rPEOWENCY, HZ , . .. . . 1 ...... , Fj ,j)
105 FORMAT(j5x.RECEIvEP NOISE FACT~ (GUPE), DR ............
106 FeRMAT¶(5X.BANDwIDTH CRRECTIRN FACTnR, D .,...,,,....,'Jiii)
107 F6RMAT(j5X.NuMRR F PULSES INTEGRATED . .. ,... let.,. ,6X,6I5)
108 FORMAT(15X*ANTENNA ORMIC LSS, D ,,;..,. ...
IU9 FORMAT(15X*TRANSMIT THANSMISSIMN LINE LSS, CH .,,,,,,,,*,Fliel)
gb FORMAT(15X*RECFIVE TRANSMISSION LINE LSS, H ,..,,,*,Fll
III F6RMAT(j5X*SCANNINnvANTENNA PATIERN LSS, CH ,, , , , ,F.1)
112 F(JRMAT(15X.MISCELLANFUuS 4MSS D .. ..... . I........ rll,,)
113 FORMAT15X*PPR-AILITY OF DTEC110N ,..,,,........ ,,. 6,rjS ,3)
114 FORMAT(15X*FALSE.ALARM PRGRARILITY, NEGATIvE P'wFR Fr TEkt *,rllj)
115 FORMAT(15X*IARGET CROSS SECTION, SUARF mETES .,,,,..,, Sr 1 1 *4)
116 FORMAT(15X*YARGET ELFVATION AN3.E, DEGaEFS ... ,,,.,,,.. *,rll.2)
17 FORMAT(15XVSIGNAL-T(-k'OISF RA¶TI, D. . . .. I,,, ,,,. 1
55 FORMAT(15XsMINIMUM SLAR AND GALACTIC NISE ASSUMED&I
56 FGRMAT(15X*AVERAGE SLR ANp GALACTIC NISF ASSumEnol
57 FORMAT(15x*MAxIMUM StLAR AND GALACTIC NGOISF ASSUMEDr)
58 F&RMAT(j5X*PATTERN-PPUPACATj0N FACTORS ASSUMFD I,)
e n F QM A r(/ 2 2X,3s5 H ** * * **-** ... ******* .. 

2 FORMAT(15X*CALCULATEI) OUANTITIES OUTPUTS1 -.. ,)
iko FOMAT(15X.N3IS& TEMPEPATURES, DEGREES KELVIN --
1t FOrMAT3(15X* ANTLNNA TA) ,... . .....
12 rOPMAT(15Xl PECtIVlNG RANSHISSInN LF (TP) .. , r. l , )
1ek FOPMAT(15xo PLCLIVEH (TE) ......... I ......... . *,.. t)

113 FOPMAT(15x* YE X LNFLOSS FACT4 TEI .............. Fl1,J)
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Ij4 FMAT(15Xo SYSTFM (A * TP * TEI) ......
ik FMAT(15)(*TWO-WAY ATTFNUATl1N TWROUGH ENYIRE TROYP°SPHEP Dq *,

I F7, / )
1s0 FGRMATtl5x* SWERLING STJUNAL- TRGPOSPHERIC PANGF,')
l15 FORMAT(15X* FLUCTtATIlUN T~rNQ)SE ATTFNUATION, NAUTICALO)
152 FPMATt15x* CASE RATIO, Db DECIBELS MILEs.)
15 FURMAT(15x. -------- ---------- --------- -------
14 FOPMAT(2OX ll,9XF6j2, 9F,2>XF8.j/)

166 FGRMAT(/IbX.RANGF .V4,. N, M,, TROPOSPHERIC ATENUJATItN
1 ,FO,2,0 R$/)

167 FGRMAT(15x,FOR SPFCIIED SIGNALnTO.NEISF ATIM * a, F6,2,* D8e//)
ENn
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06#'2f/72 
SUBROUTINE TEMP (FMHZELEV,K,ANFALAALRATMPTA TRATE TEITSvS)C PARAMETER K DETERMINES WHAT NOISE CONDITIONS ARE ASSUMED, Kl ISC F6R QUIET SUN AND LOWEST GALACTIC NOISE (HIGH GAIN ANTENNA LKINGC IN DIHECTION OF GALACTIC POLE), K0 15 FOR AVERAGE GALACTIC NOISEC (GEOMETRIC MEAN F LPST ND W1IHEST EMPERATURES), AND SUN NSEC TEN TIMES THE QUIET LVEL, Kai IS FR MAXIMUM GALkCTIC NISFC (CGALACTIC CENTER, NARNOW EAM) AND SUN NOISE 100 TIMES QUIET LFVEL.DIMENSION T00(3,
COMMON/RGA/ R75), ATTN(3,75)
DIMENSION FRf8),TS(O)
DATA FRloo, 200, 30D.*00 , 00 , , 00 ,.oo;. , 1 000 ,(Sw.E 6.1 i.3E6,;5E6 , lE6.jloE6 2,o J .oE41j. E4)DATA (T 100 a 5 3!o,18650,)
DATA (TBLK8Ya2,7)
DATA FLA5Tgo, j(ELASTxjoo,)
IF (FMHZ.EOFLAST ANU; ELEV,EO,ELAST) GO TO 50FLAST4FMHZ
ELASTsELEV
CALL ATLOSS(FMHZ*ELEVATHP)
DO lo 1:2,8
IF (FMHZ-FR( )I20,3u,ao

20 J:1.1
TSUN (FMHZrFR J))s (TS(II*TS( J) / (FR(I FPcj)) a TSrJGO TO 40

30 TSUN TS(I)
GO TO 40

1 n CONTINUE
TSUNcl .0E4

40 ATTz10, *o.IATTN(3#75)*,05)
50 TASUN%4,75EV5oTSUN*.(U,*oK) ATTTAlm(Tloo(K42)a(iOO,/FMHZ)e02,s6BLKOY)oAT+TASUN*ATMP

ALAA:j0O,e(ALA*,i)
TA: (,876eTAJ 254,)*ALAA * 290,
ALRaQ , .** (ALRoj1
T:(ALRR.1, )*290,
ANFFai0,*o(ANF*,l)
TE:(ANFF-j ,e2 9Q,
TE I *TEoALRR
TSYS TA * TR * TFI
END
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SURROUTINE AT8SSS(FMWZ#ELEVATHP)
CeMMON /PTR/ PP(75), TT(75) 1 R75),ALPH(3,75)
C8MM0N/RGA/ RG(75),ATTN(3,75 
DIMENSION 664), DELH(4)
COMMON /RRG/REFojRAL)GQAD.U
COMMON/DRS/ DSDH3anRnH3tAN
DAARG()o,)*(ATTNlli)ool)#ATTN(2,i)oo.).(ATTN3l1)sn,)
DATA REFs 1ooo3j3)t(RAD2089bg5o0.3)i GRAc~,oooo4385)
DATA(FLAST.,), (ELASt=Joo,),(CNSTa,2302565)
DATA (66ulo0l40lo,3),CDELci00,t,1000, 200n. ,5000,
ATTI YY ):AC2:( .25*rl&2. y2m,2srr)
ATT2(Y) FAC2. (*,25VI2,*Y2*j,25*YY)
RGj(DR):FACjt( 1 25*UPUW1k,*DRDH2-.25SDR)
RG2(DR)=FAC*(-,25oDRL412.*DRDH2'1,25eDP)
IF (FMHZ.EC,FLASTAND.FLEV,LO,ELAST) RETURN
ELAST * ELEV
ISIG=
THETAeELEV/57,2957795
SNzS1NCTFtTA1
CScCS C TWETA)
SS=SNOSN
RPlql, REFO
UsCRP.eSN)s*2 - 2,*REFM n RLFOaREF0
lk (FMHZ.EQ, FLAST) GO T 55
CALL ALPWA(FMHZ
FLASTFFMHZ

55 =0,
RNG'0
ATTENjwATTEN2c0,
K'-1
WHMIN PC.
IF ELEV,EQ1 0, HMINz1,E-9
CALL DH(hM|N)
DR0H0lDRDH3
DSOHIoDSCH3
ANeAh
TPI.ALPH3,1)sTT(l)
YEMP 0,
YjvALPw( 1 fl*DSD41
YllYJl
Yl2uA6PHt2,1)*DSDHI
DO 60 J 14
FAC13UELH(J)/(3,m6076,1155)
FAC2:2, eFACI
IMAXc 166CJ)
DO 61 11 1 MIAX
KzK*2
WzH*DELH 4)
WiH
CALL DDHth)
DRDH2fPRDH3
DSDH2gDSDH3
AN2zAN
U-W*DLH(4)
CALL DHCob)
Y2zALPH(lKil )DSCW'2
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Y22gA PH(2,K*j1*DSDH2
YS:AL P8(ljX*21eDSDw3
Y32vA6PH(2,K2loDSDH3
AN3sAN
IF (ELEV ,LT. 1, ,AND. H ,LI, 20 5 6

5 CCCS6CS*(1 /RAD-REFO.GRAD/RP1)
Cclst /(CC*6076,iI55f
PROD z.*CC*H1

C FOLLOWING IS APPRGYX11ATION REQUIRED NEAR TETAmQ AND H FR RANGE
C CALCULATION, RANGE IS CALCULATtD THUS FOR H 10 AND HJ 200 WHEN
C ELEVATIGN ANGLE IS LESS THAN 1 DEGREE,

RNG2CCI.PROD/(SQRTF(PHeD*SS)*SN)
DSizRNG

C APPROXIMATE ATTENUATIWN IS RANGE (TWO-WAY) TIMES AVERAGE VALUE OF
C GAMMA IN HE RANGE INTERVAL,

ATTENI.RNGO(ALPH(ll) * ALPH1,21)
ATTENZ:RNG*(ALPW(2*1) 6 ALPHC12,21

C RADAR RANGE IS GEEmETRIC RANGE TIMES AVERAGE REFRACTIVE INDEX,
RNG*RNG*(PFI * , * RFo*tEXP(.GRAD*HI)) *5
ISIGc2
GO TO 7

6 DS=RG1tDRDH3)
RNG=RNG*DS
DSI; DS/(ANi+AN2)*,5
AYTENj.ATTENi.ATT (Y3)

i ~~~Y1lY1¢
Y2'Y22
ATTENCATTEN2 * ATTICY32)

7 RGt K*I)RNG
ATTN(1,K6)23 ATTENI
ATTN ('K*);ATTEN2
ATTN(4,K.1)SATTEN * ATTEN2
GO TO (10,112 ISIG

It PkODcW.eCC*H
RNG:Cl*PRGP/ ( SQRTF (PR!D&SS ) aSN)
D52!RNG.DSl
AlTENjvRN*(ALPHM(ls) * ALPH(1,31)
AITEN~vRN4*CALPHI2ml) 6 AlLPHIW,#31
RNGFRNG*CRP1 * ,, * REro*EXP(.GRAD*H )I 5
ISIG'1
GU TO 12

10 Db=RG2(DRH3)
RNGRNG-DS
DS2FD$/((AN?*AN3)*,5)
Yl'Y1l
Y22Y21
AITENlU ATTEN1 * ATT2(Y3)
YluylZ
Y2Y22
A1TEN2 AlTEN2 * ATT2(Y32)

12 RG(K62) RNG
A7TN(&#K*2)?ATTEN1
ATTN(ZK*2 )ATTEN2

|H ATTN(3sKi2)sATTENj * ATTEN2
ALOSSmflo,**(ATTNC3,+K2)6,05)



P3 APH (3,K*21 TTIK42)*AL0SS
DSI ' (pGCKI1)-G())/J (Aci*AN2)A 5 )
DS2 (RG(K2)-RGIK*I))/( (N?*AN3)*,5)
IF KEQ.X) 70,71

C APPROXIMATION EPLI`EU IN PLACE Si FIRST INTFGPATVlN STEP,

C IFIED TO GIVE VALID RFSULS IN IGHATTENUATION CASES, ANtYT IC

C APPROXIMATION STARTS AT SATEMENT 70,
70 CEx=D,5CeNST(ALPH(3,1)4ALP(3I

2 )I
CEY-0,oC6NST*(ALP(3.7)*ALP(3l3))

ALSj!EXPf t(CY*OSi )
ALOS2uEXPF(CEYstaSI)
ALoS3aEXPF .CEY.CDSj*U52))
DTEMP,(O,5/CCNS S)*((CT()17Tl(2))*(l,.ALOS * (TT(2)*TTCl))*(ALOS2

t T 72

71 AL0SSg1C.** (-ATTN(3,K+1v .051
TF2FAVH(4 K~j)aTTIK*j wA40SS
CALL INGRT(DS1,DS2,TP1,TP2,TP3,nTEMP)

72 TeMP ! TEPP*DTEMP
DRDHI.DRD03
TPI 5 TP3
YIaY 1 aY3
Yl2xY42
ANI AN3

6j CONTINUE
60 CLNTINUE

ATMPgYEMP*CONST
END

L.
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SUqPROUINL DDH(H)
C(mHO /RG/RPrORAD,(;ADU
CQMMN/DPS/ DSOH3,DRDH3,AN
EXtREFO*EXP(-GRAD#W1
ANSI * EX
VgFX( C2 .*EX)
WlmH/RAD
WzWlp(2, *i
DSDH3gAN ' t, *1 /SORTE' U#V6W*Vl41
DHDH3AN*DSDWS
END



L. V. BLAKE

06/29/72

StHRCLT NE ALPkAfrFPZ)CEc^*,N /PTC/ PP(75), TT(75), PQ(75 )ALF'Qto5.791
CEmmf /20/REFAC

CIPENSION FTPF(23) ,FTRT (231 ,nfLEL(4), IMAX(C4)CATA(EELHZIOZ,,1rUC,,20oU.,5o0r. ),(I-'A:2?1,28 ,20,6)rATA (AL2v, 1 , (AL3_,.27 ), ( =2h0h, 0), < A2i2(0,, (PwR 5 )fATA(CSTH2Ez 4693 F 7), (rR.42f:22 .235 , UFLZEPU=17.99)rATA XCC,4STt5, 714R)a, C(DkST2C . 26E), ICV?:, 75004 )s(SX I ,2n846 )
rATA (TrtPX!6.eW 5e .4466 5 59n 0 434, 6 50661 ,rlnUPt2 42 JA299n 6t65,64,172,4,ll7v74e 70,f'§2240,-'9762666297,683,

26 7' 3627, 67 , s23, 6b 420 , a . 47P 4741 70 , C00 U 70 , 5 49 , 71 , o497rATA (Twm*1lP ,75b ,6.48F3, 6n, 30AJ5,1 54;,5P,239,57,6195,56 
,D321,6.J5S4,5 .7 39,55,221454,F78,4,129453.S96053,n655.5445252 t0295 .5:91 ,U 9450 43, 45,973, 49,44, 4t,958. 43,453!)

CATA (PpZ11.OjllsFJ,.09*sgIoo9,9-FE. 3 a op2.,oSEw Q-clFv 9e6 89,2 1 y§9 9 o?6 F.219, 914739 E , . 785UF+ 2 ,C , P4219 E*2 * 5 .b07 5 +2. 9. 771 67 E 2 2,9 . 7-51 7F-2,

1f.2047w27,8921F+c75L7ln27.2439F*Psh 

9694E2,6,7347+9,
" ,44581E 2, 6.1 62;F , 5 ,9454 Q *E*2.,S 720(5 *2,549427 E * ,5,275l 3 -71l. , n 6319.E2 , .8 582? FC- , 4, 6e6r . L2, 4, 4 45 F+2, 4, 7 83 S4F+ ,414 49F+.2,1.,9317E+2,3. 76497F. ,7.60o35.2,3 ,44ad2E,23 29P740+2 3,1420r+2,13, 014tf4L.2,; .77ClU F., ?. 50 A41t- 2 ,,27 9 2. ,2 0714.EP

0 2 , , 82. 0 F.2,t117l43F21,554t5E*,, ;4194tf2 1 2P352F7R,1641i21, 010r*7-19,63319E-t,H,7472lrv,7,565nE.,7271?P1,,712E1,59733F*l.

15. 429lE-14, 9344 7F1, 4, 4G8E+ 7, 5382#, 2, 70741, 2 14P+1,1,737L5E*,, 527ur+110F453EI)
CATA (TT

17.86$971L-+2??86773FEc22,6q75E+2,2,e8#s7/F#2,+R8617E22.69Rr+2.

71,x~j7E3F. F 2 57 J l 5'7 5 2 , L 55 F+1, 2, 4594E2, , 2 4 60 , 2, 9%2.< 23 8P 217F?, 2,7 O'3 7 ? 2,2 P F417 , 767 /A 2 2, 742 r '28 .27 1 t I 2 , , 7n 33 ,r* , 7 8 3 7 2 2 ~ 7 71 2 6499 2 ; , 6 4 2U *2 , 6; .^ 0 42F 2 , ,4 3 F . , , 5 485 0 , 2 , 5457;7 .~125252990.22~5 0FbwaF.,4C$7~4E22,2,dA5Q;I-??,44620E2,2 
476643F212 .4628*E-22,2,26 9E60,2,2,3D7 3E-2.,2 34737, '+2, 3276 6F+ 2,2, 17,66r,2

1 . 1 6 66 r 1 E- 2 ,c', 1 A 6& U F '2 ,2 7. le 8 6 n ,2 1 6 A 6 6 0 r ,2? 1 6 r 2 , 2 1 6 0 F 21, . 66' L *.2?,1 1666 .F., * 16Atn 2 . el A6ADF,2, 2 1 66hh'E2.2 . 16 ur21 166 6 F 2 , 2 * 660 F ', , 16 E 2 * 2 *1 e, 00'??, 6 6 AC 2 2 * 1009 * 2,7,?3.2F602#.2,cPl34-2c.
3 2fe 4 c

rATA(F,: 7,s r'OO0 F , 7 43r8A r, 7,3717 V. 0, 7,30779E '!,1 7,2438 0 0. 77, ldo4 0. 7 ,1 l3C c 0O 7, '1 5 67 U. 6.9 P915r 0,1 ,95S 75F O0 6k /6 2 472 0.F 0, .7 , 3O3E 9 ' ,. 6 6 7347F 0
1 6,61C 7 7E 0, t .~4 -2 L 0, t, .45 PF 0, 6,42364F 0. 5. A1 2E .1 6, 299 bL 0 , 6,25P14 C n, 5,633 P 0, 5,l544'jF (1 , 4,5,515F 0 ,1 3,9P9360 . 3,U6 7N E C, 3 ,0467PF 0, o ,62C039C LI, D 2?. 18)O[ 0-1 1, 9G4 9 9 0 , 1 , , 7 2 7 O , 2 I3 qC ''' , 1 81 2 r j, 1 I,1.O 1O1 0 .1 ,64t35 - , 7,3b447E -1, 6. . 7 -1., ,343l F - . 4.4 S2: 5r 11 32 , 98 F - . 2 2 4 L - 1 .2 7-t.cF -- 1 P 3 1 4 3 0 -F -1, 7 75 - ,, 562f 3 - 12, - 1 .( j E -1 C 4 65-2 F -2 ., 7 n5f 4 u E 2 7 5_ ? s 35 b .-2 , F - 2 , - , 7 u 2 ?r F .; . 1 , O R F --22 , A 4 5 1 9 9t -, 44 .0 124 4 F .1 2,3f249F 3, 1.466?rE -% _ 3, ,f20 -4 -, b.4n642k .4,1 7,e9r7 r . 7 , I44jC E -4 , 37t E -4 -.4, ' 7 , 79 962 .4, 5. Sjr'7F -.4,

34
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1 5,44J62E *4, 5,5UP5~'E -4, ,640?4 -4, ,A972)E -4, 6.21432F -,1 706726E -4.* e,1J642E -4 ,OQ15$, -4 * 7 .3 2 5 74E -4, 5.6q1,2F -4,1 4. 4 2 -4 

?ATA(; (48FAC: , )
rGH, ZZFIZ*lC.3
r G H ;?. zF GZ '\ 
FFATI?'CFt', HZ / CFR 2
F5(UH2:fFGH2+FAh2')*-2

FCIF22(F;H2-rii29:)--2

I n
1.:- 100.
rE 100 J1,4

P tI 'A X ( J )
CE 100 <:1,I
T : I * 
E rR(fl * Rh'!AC

pp',R3 .I T ( I ),.P, 75
Pr =ppC(| + Prtb CvP
rb0ZTT(1 )*2

IF (' sLlE.Hi) I 1 1
10 AL a .64

CE T(; 15
il IF (e, GT ) $1j
12 _L 1.,.357

E T 1',
1 3 ALI -- . 4 71 .7 tl-l/9non 
15 W-AL:C,-)ST2#ALepo-( 

I )/TTf I 
IRSAl:-AL1*IALI
rO=HALl|/t(CH7;e#H'At)
C-LM:O 

r n :,
AN2?. . *4,
AN:1AN 
t. t, P2 A'@@f,¢ss )/l N. * 2 .4 ' A k -I ) * 2A
F%P:.'ALj/( (P HPev)iit4 )-2-cz )4rL'/( (F 'P"m - 04Z 1 '*2-HSAIFN!4wi6AI- / ( TRt~")- H )-' - A )',':AL I/ ( F 7 Iq P P 4 )- P.- A'
TLP-=FtPoLOT -r. m 

4 
5n rCN T Lj-

ALPk(1,l _ C "L p. )TLq'z,100/TT( I)
T L F?: 0 , or L F * j r L =Cf L/tEFJ4(nlP~Ts^- PP(J I CtVP *q ITI*o6:<-#-rELF;7::"1eLF.)rLF
F q 2 = 4 I *, F ,/( L F 7 ) ,/ F 2 O L ALPH2<=rSTT& Ftw*PP~,-Tqr,- - , s I PF t.4 4 - TR) )*FPR-ALFR S:1 ,Jfr r * - r) i * r * pu * TT(I ) -(-2.5)

ALPH(2, 1) 2 ALPH72 * AL;PE zr ALP ( 1 I ) lS APS, c Fr. PCR ry ;, A 2, I) ) T AAPrqC ALP(JJ1) IS TrTAL :rP'y> rFFlrItV.ALPh,( jI )z ALP (1 , A L * Pi I10 C i T I ..JF
FNC

C'1

35
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SgROVjINE INTGRT Hj.W2jYl,2,3AREA)

H221H2eH2
HH3HieH2
MHHH*H2

AFACo YieH2 * 3*HtsYC*HH)/(HH*HPw)
AREA ! (AFAC/3.1a(He2OW2 HHj * (Y3.Y2-AFAC*H22J(H?2-HI21/

(2, H2) * Y2*HPH
EN D
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Mts,2t/72
SURRtUTINE ITEQAT(PRHATT)

C GIVEN RADAR MAXIMUM RANGE IN NNABSOPSING SPACE, RX THEc SUBROUTINE FINDS TE ATMOS>4eRIC ATTENUATION ATTO rReM A TABLEC SUPPLIED Y ANMti4ER UROVUtNE VIA T CMHN STATFMENT,C IT THLN CRRECT$ HE RANGE RMX Y A ACTOR BASED N ATT, THISC PROCEWURE IS ITERATED UNTIL SUCCESSIVE ATT VALUES OIrFFR By LESSC THAN O,1 DECIBEL.
CCMM3ONXRtA/ RG(75), AITN(3,75)
ATTLE9,

I DG i I2,75
If tgtl) - PHY) iO.9.il

11 J'I *1
ATTe(ATTN(3,I)-AYTN(3,J)).CRMXnRGCJ))/CRG( I RGJ)) ATTN3,J)
G TO 2

9 ATTgATTNC3,I)
Ge TO 12

10 CONTINUE
A7Y.ATTN(S375)

12 DIFF ATTL ATT
RMX RMX * jQ,**DIrk*,025)
If (ABSF(DIFF) ,LT, 0.1) RETURN
IF IRMX GE, RG175)1 RETURN
AITL ATt
GO TO 1
END
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SURROUTINE PSN(PDTrPFAiNPULSiKASE 'JB)

EFTERNAL PD
DIMENSION 0o(51*SLOPE(51,PDFAC(5)
COMMON /PoS/ PFLASToNLASToKSLASI
DATA (pFLAST-O. , (NLASTNO),(KSLASIT-1)
DATA OR0wl 2 .5.4.,14o.l3S2l13.2),(SLOPE

6 .7.R.7.oR.),

(POFACm4.8v20. 20* * 13q ,13.)

r'ATA(DOMIN-30.) * (DBMAX50.) * (D1O. * B03206.)
IF (PnT.EGPDLAST) 1.20

1 IF (PFA.EC.PFLAST) 2,20

7 IF lKPULS.EG-NLAST) 3920

3 IF (KASE*EDKSLAST) RETURN

20 POLASTwPDT
PFLASTWPF A
NLAST-NPULS
KSLAS TKASE
KEKASF * I
PULSRNPULS
OFI-ORO(K)-SLOPE (K)ALOGIO PULS)*PDT-.)S PnFAC(K)*(PFA8.)-.4-1.

082=CR I*2.
CALL INVEPS(DBMTNCDBAxDB1DB2,4,l5NOlSDIRD1ToPD)
END



NRL EPORT 7 1 H 39

ill

FUNCTTON P(SNOR)
CCMMCN/POS/FA#N,KASE
NPzN
FANmFA
KASMKASE
CALL ARSWR (SNDBNPFANKAS9PDI)

END
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SURROUTINE INVERS(XMINXMAXtXLOeXHIlNSIGLP4,NOltXFIFTF)
C THIS IS A MODIFICATI0 IAPRIL 1 97 0 ) OF A PREVIOuS SURPOUTINE NMEC

C TNVEPT. THIS VERSION HAS ADDIIIONAL PARAMETERS. L. V. LAKEo NRL.

C THIS SURROUTINE FINOS VALUE OF X THAT RESULTS IN F(X) FT BY

C ITFQATICN 8ASED CN LINEAR INTERPOLATION/EXTRAPOLATION FROM PREVIOUS

C TWO TRIALS. FUNCTION4 F MUST BE MONOTONIC.

TEST 1U.*iJSI(i2
FO FT
IF FT .Er. 0-i fD 1.
-JOI - I
'3ELT4 = XFI - XLO
Xl=XLC

Fl-F (Xl
F'-k' ( EZ\
SL0P=(F2-Fl)/(X?-XI)
IF (SLfPE *EU. 0.) 10,21

1 0 F 'A K=C XMtAX)

',.OPE (FWA-FMI)/(XMAX-XIN)
?1 1 Z(F-FT)OSLCPE .LT. 0.) 22.Z3

P? S 1-'2

X20X2*OELTA
IF (X? *GT. XHAX) X2=XMAX
F2uF IX2)
GO TC 21

73 TF(1FT-Fl)SLOPE .LT. 0.1 24.25
24 x2*xl

xixXl-nELTA
IF (Xl *LT. XPIN) XIXMIN
FzF lI
FlzF(XI)
no TO ?3

FA2FI
FRzF2
IF (APSF(F2?FT) *LT. ABSF(FI-FT') 7'6

* F22uF2
F~uFl
rl F22
x?22X7
x2aX1
YIDX22
GO TC 6

I FluF(X)
%l *X
TFCTI ARS(tFI-FT)/FD)
IF (TESTI .LE' TEST) 2,6

7 RETlJUR
TF (NOT .GE. LIM) 12'13

12 PRINT 40
PaINT 41, LIM
PRINT 429 XMINt XMAXi XLOt XHI, NSIGs LIMq NOI Xs Fl. FT

4F TURK



N I \ t L R E P0 1T 7141 8- 

0/2/7 2

13 IF (l EC. F2) 15,16

I5 IF (Fl *C. F8) 17,18

't~ ~ 1 NlL EOI'I 118l

1 T 1 2

1 XAuX1
x?SXA

7q xm(XA*XB).5
0 TC 1

16 Xw(XI-X2)*CFThF2)/(F1-F
2 ) X2

IF (X LT. XA) XXA
IF X .GT. X) X-X8

NOI a NOI * 1
F2-F I
X2-XI
(30 TO 1

40 FORMAT M// MESSAGE FROM SU8ROUTINE INVERS --

41 FORMAT C* FLNCTION INVERSION NOT ACCOMPLISHED WITHIN SPFCIFIED

1 *13. ITERATIONS.*/)
42 FORMAT (/* INVERS PARAMETERS WEAE *,4(ElO.3t2X),3CI392X)9E10e3

I 2(2X,E1o.
3 ) //)

END
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SUBRCUTINE MARSWR (SND8,NFAKASE,PN)
c
C INPUTS ARE - SNOB, SIGNAL-TO-NOISE POWER RATIO IN ECIRELS --
C N, NUMBER OF PULSES INTEGRATED --
C FA, FALSE ALARM PROBABILITY, EXPRESSED AS ARSOLtiTE VALUE OF POWER
C OF TEN (E.G.w FA 8. MEANS 10.11(-6.) FALSE ALARM PROBABILITY --
C KASE, SWEaLING FLUCTUATION MODEL, WITH KASE 0 FOR NONFLUCTUATING
C OUTPUT PN IS PROBABILITY OF DETECTION
C
C BASED ON PROGRAM WRITTEN ATJHU APPLIED PHYSICS LABORATORY, NAMED
C SUBROUTINE MARCUM. MCOIFIED AT NRL By L. V. BLAKE. THIS VERSION
C DATED APRIL 1971
C APL VERSION DEFINED A AS FALSE ALARM NUMBER MARCUM CONCEPT).
C NRL 00 CHANGED THIS 10 FALSE ALARM PROBABILITY (AS DEFINED ABOVE)
C SOME OTHER CHANGES ALSO.

nOURLE PRECISION ENPRYBPRGAMPR.PYBH,YO.EOY. ,E1.STEP.YB 00000200
nOUBLE PRECISION GAM, DEVAL, SUMLOG, 5UML, FAN, EN 00000300

C 00000400
C COMPUTE MARCUH.SWERLING DETECTION PROBABILITIES 00000500
C 00000600
C CONVERT SN IN 0a TO NUMERICAL S RATIO 00000700
c 000008no

SN * 0.**ISKO8*.I) 00000900
c 00001000
C TO CCNVERT THIS SUBROUTINE TO INTERPRET FA AS THE MARCUM FALSE-
C ALARM NUMpER CHANGE THE NEXT STATEMENT TO READ -- mOnE * 0
C

MODE I
C IF MCDE IS 1 CONVERT FA TO MEAN EXPONENT OF FALSE-ALARM 00001100
C PPOARAILITY RATHER THAN MARCUM FALSE-ALARP NUMBFR 00001200
C 00001300

IF (MODE) 800. 00* 900 00001400
900 FAN .OLOGIO(OLOG(.5)/OLOG(1.-(10.D).(-FA))I 00001500

G T 905 00001600
toO FAN m A 00001700

c 00001B00
C TEST INPUTS 00001900
C 00002000

905 IFlN) 99.992 01002100
2 TIFA)999q93 00002200
3 TF(KASE) 99,4s ococ2300
4 TFKASE-4) 5,5,99 00002400

c 00002500
C ESTIMATE IAS LEVEL 00002600

C 5 FNPR 00002700S VNPR * O~~~~~~~~~~~~~0000?poo
A FNPR * FAN 00002900

rN * N 00003000
YRPR 0. 00003100
IF (NPREV E N AND. FPREV *EQ. FA G TO 777
TFfN-17) 77.8 00003200

7 YRPR a EN4(l.42.2ENPP/ENe*.(2./3.D).*.O5oENPR)I 00003300
GO TO 11 00003400

p YqPR ENO(I.41.3ENPR/EN--(.50.016IENPRN) 00003500
C 00003600
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C COMPLTE BIAS LEVEL 00003700
c 00003Poo

t1 ENPR * IO.*EPp 00003900
GAPP * OGAM(YPRN-l) 00004000
PYrA *,5-(I./ENPP) 00004100
SUML * SUPLOGIN-1) 00004200
TF(GANPBPY8) 10.12,12 00004300

1 H *lI 00004400
GO TC 14 00004500

12 F -.n1 00004600
14 Yo a YRPR 00004700

aFO a fEVALCY09N-1.SUML) 00004800
16 VI V0+H 00004900

El * nFVALtYIvN-I,SUML) 0000500
STEP * GAPPR * HI(EO*El)/2. 00005100
'F(SIONF(I.STEP-PYB)-S!GNF(tI. , ) 18.20,18 00005200

IA YO * VI 00005300
FO Fl 00005400
GAMPR STEP 00005500
0 Tc 16 00005600

20 !F(H) 22924#24 00005700
22 YR * V - H*(PYp-STEP)/'GA4PH-STEP) 0000soo

fl0 TO 30 00005900
24 YP a ''O * HG(PYB-GAMPP)/tSTEP-GAMPR) 00006000
30 RlAS YB 00006100

777 Yr * IAS
NPPEV * N
FAPAEV * fA

c 00006200
C SELECT M-S CASE 00006300
c 00006400

X a SNR 00006500
K * f(4SE#I 00006600
'.0 TO (100.2009300t400.SOO), K 00006700

c U0006t00
C CASE 0 00006900

-00007000
100 Sum 0 00007100

P EX 000072CO
IF (YF-P-EP) 150,102,102 00007300

102 KS * -tENI.)/2. * GRTFc((ENl.)/2,,*a2&PVH) 00007400
KS * AXOF(KS,O) 00007500
.S * I.-GAM(Y3,KS*N-LTN) 00007600
TS FVALIPKS)*GS 00307700
* GS 00007000
K S 00007900
TERM a TS 0000ROOO

TL * TN 00008100
110 TFMP SUP.TEWM 0000e200

TF(SUM.TEMP) 112.116.116 0000A300
112 SUM TEMP OOOOO

TF(K) 116.11°,114 00008500
114 TERM TEPMOFLOATF(K) (G-TL)/(P*G) 00008600

G a G-TL 0000700
K a K 0000^A00
TL TL*FLOATF(K'N)/Y8 OOA900
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00 TC 110 oooogono
116 TL TN.YR/FL0ATF(KS#N) 000010A0

K KS.1 00009200
GER u0.L00009300
TERM * TS4P*G/(GS*FLOATF(K)) 00009300

120 TEMP * SUM4TEWM 00009400
TF(SUM-TERP) 122190,190 00009600

122 SUM TEMP 00009600
TL * TL*YP/FLUATF(K#N) 00009A00

K m Kol ~~~~~~~~~~~~~00009900
TERM TEAM*P(G#TL)/(G*FLGATF(K)) 00010000
G aCG*TL 0001 oooo

tA0 TC 120 00010100
Isn KS * -1. - EN/2. * S0PTF(EN**2/4.*P4yRI 00010300

IC uXMAXOF(KSO) 00010400
GS a GAN4('r8KS#N.1,TN) 00010500
I FGS I T 17 74,15; 00010600

155 TS VAL(PKS)*GS 00010700
G GS 00010800

TERM TS 00010900
K * KS 00011000
T L TN 00011100

160 TFMP SP'.TEQM 00011200
TF(SLm-TEWPI 1629166.166 00011300

162 SUM TEMP 00011400
IF'(K) 166,166,164 00011500

164 TERM TEAM4 FLOATF(K)*(G#TL)/(P4G) 00011600
0 * G+TL 00011700TL * TL*FL0ATF(K.J1/y8 0 0 01 1 OO 
K K1 00011g00
tO TC 160 00012000

166 TI m TNOYP/FLCATFIKS*NI 0120
mstj ~~~~~~~~~~~~~~~~~~000 Il0001 * LO0001200* ss ooo i~oo

TERM TS4P*G/(GS*FLOATF(K) 00012400
170 TEMP * SU * TERM 00012400

IF(SLP.TERP) 172,174,174 00012600
172 SUM TEMP 00012700

TL * TL*YP/FLOATF(K#N) 00012800
TERM TEAMP(G-TL)/(G*FLOATF(K*I)) 00012900
, * G.TL 00013000

K ?(* 00013100
nO TC 170 00013200

174 SUM .-SUM 00013300
10 PN 5tI1M 00013400
c nO TC 90 00013500

c1 00013600
C CaSE ) 00013600
C 00013700

200 1FtN.1) 210,210,220 00013900
21o PN u FXPF(-YR/(.-X)) 00014000

n0 TC o 00014100
220 TEMP 1. * l./(ENOX) 00014200

PN * 1. - GAWCY8*N-290UM) * EXPF((EN-1.)*Lo(iF(TFMp1.yR/(.*FN*x) 00014300
1 *GAM(Y8/TEMP.N.2.DUMi 00014400

GO TC 00014500
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C CASE 00014600
c 00014700300 IF(N-1) 310,310,320 00014900310 PN XPF(-Y8/1(..X)) 0001400

GO TC 90 00015000320 P; a 1, - GAM(yh/(1.#X),N-ItOUM) 00015200GO0 TC 90 
00015300C 
00015300C CASE 3 
00015400

C 
00015SOOA00 IFtN-2) 410,420,430 00015700410 Ph; - (1.2.*X*Y/X+2.)*-2)*EXPF(-2.*Y/(2..X)) 0001570rO TC go 
0001I3900420 PN (1.y.8/(1.4X) EXPFl-Ya( 1..X)) 00016000GO0 TO 90 
000161 00430 C * 2./(2.*EN*x) 00016200n I.-C 00016300TF(Yean-EK) 440,450,450 00016400440 SUM 0. 00016500TERM 1. 
00016600J a tN0060

44 TEMP SUM*TEkM 00016e00!FSUM-TE19P) 444,446,446 00016900444 SUM * TEMP 00017000
TERM TEPM.Y8D/FLOATF(J) 00017100
J * Jld.
O TC 442 00017200

446 Ph * 1. - GAMCYBN.2,0UM) * CYBEVAL(YBN-2) 000174001 * o-EVAL(YRN-I)-( I.*COY-.(EN-2*)C/D)*sUM 00017son
45 O TC 901 

00017600450 PN *. 1- OAM(YR9N-3,DUM) YEVAL(YBN-3mGC/D 000177001 EXPF(-CYH (EN-2.1*LOGF()}*ll.C-YH-(EN-2.)*C/0) 00017800? *OAM(Y8OsN-39OUM) 00017900GO TO 
000190oo

c 
000 0looC CASE 4 
0001?0o

C 
00019300500 SUM * O. 00018400C * 2./(2.#x) 00018500n * I.-c 000S00O aC/r) ~~~~~~~~~~~~~~00018700P *aceye 00018700

KS (EN.(YeO))/z.-SRrvuF.E..I.Y
8 .Y* .))**2/4.,(YBD)0(EN*I.) 00IA900

K5 XMAXF(KSo) 00019100
K. KS 

oogoJ a K-KS 
00019300

FKS KS 00019400K XOF rKS,N 0001900
TF(p-8FN*c1.*LO)) ssn5oloSol o001q6 0050 OS - I. - GAM(P.2*N-l-KSvTN) 00019700TFr(GS) 52 ,526,502 0001900

So? TS FPF(FKSLOGF(C1(ENFKS)OLO F()SUG()S m~iK) 00019Q00I -SU'wLOG(J)*LOGF(GS) 0002 00r, a GS 0002n0
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TERM * TS 00020200
TL TN 00020300510 TEMP * SUk*TEWM 00020400IF (SLM-TEOP) 512,516,516 00020500

512 SUM * TMP 00020600IF(K) 516.516#514 00020700
514 TI. * TL4P/FLUATF(2*N-K) 00020PO0TER . TEPMoFLOATF(K)O(G.TL)/(Q-FLOATFN-K.IIG) 00020900

G * GTL 00021000K K 00021100
nfO TC 10 00021200516 IF(KS.N) 518,526,526 00021300

51R TERM a TS60*FLOATF(N-KS)9(GS-TN)/(FLOATF(KS*I)*rS) 00021400
r, * GS-TN 00021500TL TN*FLOATF2*N-l-KS)/P 00021600K * K1 00021700520 TEMP * SUM.TEAM 00021POOTFISL'-TEMP) 522,526,526 000219005?2 SUM * TEMP 00022000TFIK.N) 524,526,526 000221005?4 TFPM a TERMQ*FLOATF(-K)(GTL)/(FLOATF(KI)*G) 00022200
r a G-TL 00022300TL TLE*FLOATF(2*N-.-KI/P 00022400
K a K 00022500'fO TC 520 00022600

526 PN ' SUM 00022700ro TC 90 0002280055n rS AM(P,2*h-1-KSTh) 00022900
TF(651 576,57e,552 00023000

S52 TS FXPFlFKSULOGF(C).(EN-FKS)*LOGF()*SUNL0G(N).-SUmLOG(KS) 00023100
-SUPLOG(J)*LOGF(GS)) 00023200

r, a GS 00023300
TERM a TS 00023400
TI. a TN 000 j 500

561 TFmP * 9UM.TERM 00023600
IF(SUm.TEIPP 562,566t566 00023700562 SUM a TEMP 0002300
IF(K) 566,566'564 00023900

564 TL a T*P/FLUATF(2*N-K) 00024000TERM TEPM*FLOATF(K)*(G.TL)/(QFLOATF(NK.I).G) 00024100
r G-TL 00024200
K K-I 00024300
fir TC 60 00024400

566 TFCKS-N) 568v576v576 0002450056R TERM . TQSFLOATF(N-KS)*(GS*TN)/(FLOATF(KS*l)'1S) 00024600* GS&TN 00024700TL TN*FLOATF(2*N-l-KS)/P 0002400
K a S.1 00024900

570 TFMP a SUPTERM 0002400
IF5SUM TEMP) 572-576o576 00025100572 SUM TEMAP 00025200
TF(K-N) 574,576,576 00025300574 TFRM TE0M*QrLOATF(-SK)*(GTLI/(FL0ATF(K*I)*G) 00025400r, * G-TL 00025500
TL TL*FIOATF(2N--K),P 00025600
K X M. 00025700
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fiO TC 70 00025800

57h PN * 1.-SUM 00025900
'30 TO 90 0002 00

C 00026200
C CET PRORA LITY 00026200

c 00026300
90 IF(PK2 91.94.92 00026500

91 Pt, * . 00026500
rO TC 94 00026600

92 IFPtK-1.) 99403 00026700
93 Pk a 1. 00026e00
94 RETURN 00026900

C 00027000
C FPROR MESSAGE FOR AD INPUTS 00027100

c 00027200
99 WRITE (61,9) NqFA ,SNR,KASE 00027300

9 FORMAT (o /50H UNREASONA8LE CALL SEOUENCE TO MARCIM, ZERO RESULT00027400

t 7HS GIVEN //4H N 1895X.5HFA s1 FI6.R5X95HSN * 00027500
p El 6 .8,5X96HKASE w S8) 10027600

PN a n. 00027700
rIAS * 0. 00027AOO
RrTURN 00027900

END 00028000
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000281 00

FUNCTION DAM(B.N) MTM'EPFoAvnEAIOSUiUHG
nOURLE PRECISION SUM, TERMIEMPFJDGAM, nEVAL, B. SUMLSUMLnG 0002R200

C INTEGRAL 1-(SUM, JO TO No OF EXPF(J^LOGF()8)1-LOGF(NFA(((283OO

SUM * 0. 
( (28400

K (.L 
(1(28500

TF1K-N) 100,200.200 
44 (28600

100 .1 a N41 
It (29700

SUML * SUMLOG(J) 
i ((28AOO

TEOM u OEVAL(8gjoSUML) 
M (28900

10 TEMP * SUP*TERM 
(((29000

TF(SUM-TEMP) 15,20,20 
((129100

15 SUM * TEMP 
(C (29200

j * j 
((C(29300

FJ *J 
( (29400

TERM * TEPM*/FJ 
( (29500

an TO 10 
(((29600

20 nGAM * SUM 
(((29700

RETURN 
(C C29900

200 J * t 
(((29900

SUML *SURLOG(J) 
M00

TERM DEVAL( HJISUML) 
(t31oo

30 TEMP * SUp3oTERM 
((30200

IFISUM.TEMP) 35,40,403 
((30300

15 SUM a TEMP 
(3n040

IF(J-1) 4o,36,36 
CI(30500o

36 FJ mo J 
(I(3fl600

TERM * TERMFJ/R 
C((3f700

j a J1 SIOOCOnO TO 10 ~~~~~~~~~~~~~~(((30900

40 nGAM * I,-SUH 
(((31000

RETURP, 
((31100

F~~~~~~~~r) ~~~~~~~~~(((31200
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FUNCTION DEVAL (YN.SUML) ((31300
nOU9LE PRECISION XPONIENDEVAL, YOSUML ((31400
XPON a uY -y3150
TFIN) 20,20,10 ( (31600

10 F N (31700
XPON * XCN*EN^*DLOG(Y)-SUML ( (31800

20 nEVAL * OEXP(XPON) (31900
RETURN ( 32000
END M ((32100
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FUNCTION AMdNNTN) ((32200

C SINGLE PPECISION VERSION OF CG4m ((32300
SUM 0. ( 32400
I . M (32500

TF(K-N) lot2U0,200 4 (32600

In0 i * N1 (" (32700
TEPM EVAL(iJI ((32800
TN TRM*FL0ATF(J)/ C (M32900

in *FMP * SLM rERM (((33noo
IFjSLm.TEwP) 15,20.20 (((33100

15 SUM TEMP (((3200
j * J (((33300
FJ J (((33400
TFRM TEAMOB/FJ (((33500

'n TC 10 C( (33600
7n tjAM SUM (((33700RFTURAC ( (3300

200 a PN C C(33900
TFRM EVALU(8J) (((34000
TN TM (((34100

*A TrmP * S*TEMl (((34200
IF(SL?-TEkPC 35,40,40 (((34300

iq rUM a TEMP (((34400
YF(J-1) 436036 M((34500

16 Fj * J( (34600
TFRM . TERM*FJ/R ( 34700
J *a_,1 ( C (34PO0
oo TC 10 (((34900

4n r4M I.-SUM (35000
RFTUPKI (((35100
rn O ( 3700
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(((35300
FUNCT lOI EVAL (Y .N)

XPON * -Y M ((35500

IFIN) 20,20,10 lC (35600
10 WN N

XPON a XPCNE*ENLOGF(Y)-SUML0G(N) ((35700
(C 35900

20 FVAL * EXIRFCXPON) C150

RETUa& (((36000
END
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FUNCTON SUMLOG(N) ( ( (36100
nOURLE PRECISION A, 8, SUMLOG ( (36200
nCMENSTON A1000)
nfATAOUMA O.)DUM8 * 0.) 0 (36400
NMAX. 1000
IF(DUMA-OUM8) 20#!0,20 (1 366oo

10 nUMA * I. a (36700
nUm * o.. (((36800
NLAST 1 C (3600AMl a 0. (((37900

2n NN XARSF(N) (((37000
IFINK-1) 30,30,40 (((37200

30 SUMLOG a . (((37300
RETURK ( (37300

40 TF(NK-NLAST) S0.50,60 ((37500
8;0 SUMLC6 a A(NN) ((37600

RETUARN (((37700
60 ( * LAST*I C C (37700

rF (PN' mAx) 70,70,80 M ((37900
70 flo 72 TK,NN(C(00
72 ACI) *;T-I) * DLOG(FLOATF() ) (((38100NLAST . N *DO(FOTf) (((3800

G T so (((38300
80 Tf(NLAST-NMAX) R2,90g90 (( 3 0082 nlo 4 TK,NMAx (((3A500
84 A(I) * ACT-I) * OLOG(FLOATF(l)) f((3SO0

NLASY NM'AX M38600
90 R a A(NMAX) X(387OK U PsMAX) (I (3RSOO

flo 92 luK,NN ((C3P9qoo
92 a . B * OLOGiFLOATF(I)) ((39000

SUMLOG R (((39100RETURN M~39200
E~~~~~~~~n '~~~~~~~((39300

((39400



NRL REPORT 7448 53

rT

REFERENCES

1. Blake, L.V., "A Guide to Basic Pulse-Radar Maximum-Range Calculation," Part 1,
NRL Report 6930, and Part 2, NRL Report 7010, Dec. 1969.

2. Bean, B.R., and Dutton, E.J., "Radio Meteorology," National Bureau of Standards
Monograph 92, U.S. Government Printing Office, Washington, D.C., 1966.

3. Blake L.V., "Machine Plotting of Radio/Radar Vertical-Plane Coverage Diagrams,"
NRL Report 7098, June 1970.

4. Boothe, R.R., "A Digital Computer Program for Determining the Performance of an
Acquisition Radar through Application of Radar Detection Probability Theory,"
U.S. Army Missile Command Report No. RD-TR-64-2, Dec. 1964.

5. White, D.M., "Radar Simulation and Analysis by Digital Computer," Johns Hopkins
University Applied Physics Laboratory Report TG-952, Jan. 1968.

6. Fehlner, L.F., "Marcum and Swerling's Data on Target Detection by a Pulsed Radar,"
Johns Hopkins University Applied Physics Laboratory Report TG-451, July 1962.

7. Kirkwood, P.K., "Radar Cumulative Detection Probabilities for Radial and Nonradial
Target Approaches," Rand Corporation Report RM-4643-PR, Sept. 1965.

8. Nolen, J.C., and others, "Statistics of Radar Detection," Bendix Corporation, Baltimore,
Md., Feb. 1966.

9. Killinger, D.K., "Computer Aided Radar Design (CARD)," Naval Avionics Facility
Interim Report TR 1461, 12 Aug. 1969.

10. Minzner, R.A., Ripley, W.S., and Condron, T.P., "U.S. Extension to the ICAO Standard
Atmosphere," U.S. Dept. of Commerce Weather Bureau and USAF ARDC Cambridge
Research Center, Geophysics Research Directorate, U.S. Government Printing Office,
Washington, D.C., 1958,

11. Sissenwine, N., Grantham, D.D., and Salmela, H.A., "Humidity up to the Niesopause,"
Air Force C. bridge Research Laboratories Report AFCRL-68-0550 (Air Force
Surveys in Geophysics, No. 206), Oct. 1968.

12. Blake, L.V., "A Modified Simpson's Rule and Fortran Subroutine for Cumulative
Numerical Integration of a Function Defined by Data Points," NRL Memorandum
Report 2231, Apr. 1971.

13. Meeks, M.L., and Lilley, A.E., "The Microwave Spectrum of Oxygen in the Earth's
Atmosphere," J. Geophys. Res. 68 (No. 6):1683-1703 (Mar. 15, 1963).

14. Reber, E.E., Mitchell, R.L., and Carter, C.J., "Attenuation of the 5-mm Wavelength
Band in a Variable Atmosphere," IEEE Transactions AP-18 (No. 4):472-479 (July 1970).

15. Blake. L.V., "Radio Ray (Radar) Range-l-leight-Angle Charts," NRL Report 6650,
Jan. 22, 1968, and Microwave J. 11 (No. 10):49-53 (Oct. 1968).

16. Blake, L.V., "Ray Height. Computation for a Continuous Nonlinear Atmospheric
Refractive-Index Profile," Radio Science 3 (new series) (No. 1):85-92 (Jan. 1968).



C-7)
I-

i-f

M-7

Appendix A

A FORM FOR LISTING DATA CARD INPUTS TO PROGRAM RGCALC

The following form has been devised for listing the input quantities needed on data
cards for Program RGCALC. The form provides a convenient reference for punching thc
data cards, since it indicates the card columns for each input quantity. The "case" options
(1 through 7) are also described in a footnote on the form.

DATA CARD FORMATS FOR PROGRAM RGCALC
(Reference: NRL Report 7448)

Cards 1. 3. 5. 7 . . .: Name of radar (Format IOA8). Cols. 1-80. (Any other descriptive
alphanumeric material can be entered in these columns.)

Cards 2, 4, 6, 8 . . : Radar data as below. (Note: A quantity with F format can he punched
without decimal point if it has an integer value and is right-adjusted. Non-integer numbers
must he punched with decimal point; right-adjustment then unnecessary. Integer-format
quantities must he right-adjusted in specified column field.)

DATAITEM FRMAT T 0 I RADAR NAME RADAR NAME RADARNAME
Transmitter__DATA ITEM KSPEC. CO _______1, RDRNM

Transmitter power. kW (PI) F6.0 1-6
Pulse length. sec (r) F6.0 7.12
Transmit antenra gain, dB (C,) F4.0 13-16
Receive antenna gain, dB (,) F4.0 17-20

Target ross ection, s(q m () F6.0 21.26

Fiviji ty, Milt VI) Aii.) 27.:12 _ I _______

Antenna ohmic loss. dli (L.) F4. 0 .3336
RIeceiving line lossI (l () F4.0 37.40
Transmit line loss. IB (L,) F4.0 41-44

__ _____ _ _.___. _ _ __. _._ W_---- --------- 1------
Antenna-pattern scan loss, dB (Lp) F4.0 s 45-48- -- --- - i - - -V - -___ ______ _______
Miscellaneous 7Css, dB (jr0 FS.O 49-52
Blandvidthtshape factor, i (C11) F4.0 5=56
Receiver nise factor, dB (NF) F4.0 57-t 
Number of pulse ()
See Report 6930. Eqs. (71) and (72) 15 61-65
Cases 05: Probability of detection
Cases 7: Sigral-to-noise ratio. dlB F4.0 1 36-69
Cases 0-5: False alarm exp't (--log,o P,)
Case 6: Blank: Case 7, Signaltnoise. d F4.0 70-73
Case (O to 7 11 _ 74
Target elevation angle, degrees F4.0 i 75-78,
Galactic-noise-level code (-1, 0. -1 )
(minimum, average, maximum) 12 79-F10

*c. . o tl 4 - rnge i. -iit.d r eor-p-.ndng Sr-ling nu-autsi ran; 5 - 1a-cot.t.d f- .11 fin- Sw-rling en.0. 1, 2. , 4).

6 - lrnnt..d fr th- SIN -1- in Coi. 6 69. 7 -- -aleslnted for twn SIN -an-, ,n. in 66-69. oth- in 70 73.
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